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Abstract

L1-cell adhesion molecule (L1CAM) is a cell surface glycoprotein of the immunoglobulin
superfamily critical for normal development of the central nervous system. It is overexpressed in
human malignancies including neuroblastoma and epithelial ovarian carcinoma (EOC). L1CAM has
been implicated in a variety of cancer processes including tumor progression and metastasis.
Diagnostic imaging modalities for EOC are generally inadequate and curative therapy for subsets of
these high-risk cancers is an unmet need. Here, we evaluate
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Zr-radiolabeled anti-L1CAM

antibodies in vitro and in vivo as a PET imaging agent for EOC. Two humanized IgG antibodies
(HuE71, produced in GnT1-deficient CHO cells and HuE71-4 (IgG4 class switch produced in wild
type CHO cells) were prepared. HuE71 and HuE71-4 were conjugated with desferrioxamineisothiocyanate and radiolabeled with 89Zr to high specific with high crude radiochemical purities.
The stabilities of these complexes were assessed through a serum challenge study, which revealed
intact construct after 7 days in human serum at 37°C. The immunoreactivity of radiolabeled
antibodies was assessed in the L1CAM-positive ovarian cancer cell line, SKOV-3.
To evaluate the tracers in vivo, female athymic nude mice bearing subcutaneous SKOV-3
tumors were utilized. Serial PET imaging studies revealed distinct in vivo biodistribution profiles for
each of the antibodies. 89Zr-HuE71 revealed rapid accumulation of the tracer in the tumor tissue at
24 hours post-injection continuing to accumulate through 120 hours. On the other hand, 89ZrHuE71-4 showed a slightly lower uptake at 24 hours but accumulation of the tracer continued to
throughout 120 hours. With the exception of liver, background organ uptake differed dramatically
between the tracers with 89Zr-HuE71 showing axillary and submandibular lymph node uptake at 24
hours while 89Zr-HuE71-4 revealed minimal lymph node uptake. Histological analysis of the lymph
nodes confirmed the absence of metastatic cells, but revealed histiocytosis and hyperplasia
3

consistent with drainage reaction. Kidney uptake of these tracers differed as well with 89Zr-HuE71-4
showing high kidney uptake by 72 hours post-injection. Conversely, kidney uptake of 89Zr-HuE71
showed only minimal kidney uptake. The differential biodistribution profile seen with these
antibodies suggests that the high lymph node uptake of 89Zr-HuE71 was probably secondary to Fc
receptor binding, absent for IgG4 antibodies, hence the low lymphoid uptake of huE71-4. The high
renal uptake of 89Zr-huE71-4 may be secondary to Fab exchange characteristic of the IgG4 subclass
in vivo.
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CHAPTER 1: Introduction to Molecular Imaging of Ovarian Cancer
This chapter is an adaptation of research originally published in the Journal of Nuclear Medicine:
Sharma SK, Nemieboka B, Sala E, Lewis JS, Zeglis BM. Molecular Imaging of Ovarian Cancer. Journal of
Nuclear Medicine. 2016; 57(6):827-33
© by the Society of Nuclear Medicine and Molecular Imaging, Inc.

Introduction
Ovarian cancer continues to be the most lethal gynecologic malignancy and the fifth leading
cause of cancer-related deaths in women. As of 2015, the 5-year survival rate for advanced stage
ovarian cancer is a dismal 27% (1). This high mortality rate can largely be attributed to three issues:
(a) the lack of effective screening tests and diagnostic methods; (b) the vague symptomatic
presentation of the disease, which leads to late detection; and (c) the frequent recurrence of therapyresistant disease after initial treatment. The statistics with regard to the first two concerns are
particularly striking. If detected at an early stage (I), there is a 90% cure rate for ovarian cancers.
However, this rate drops precipitously to 20-25% for patients diagnosed at later stages (III-IV)(2).
Clearly, advances across a variety of fields are needed to improve the clinical management of this
disease. In the pages that follow, our goal is to focus on a growing part of this puzzle by providing a
bird’s-eye view of the roles that molecular imaging can play in the clinical care of ovarian cancer.
Different imaging modalities provide different types of information. Anatomical imaging methods
such as ultrasound and CT create exquisitely detailed maps of organ morphology, while molecular
imaging modalities such as PET and optical imaging yield functional information on the biochemistry
of tissues. Not surprisingly, both types of imaging play important roles in the clinical management of
ovarian cancer. To wit, the use of ultrasound as the first imaging modality in the characterization of
adnexal lesions and CT for the evaluation of disease extent in patients with suspected ovarian cancer
13

are two examples of the integration of anatomical imaging into current clinical protocols for the
disease.
Over the past two decades, a variety of molecular imaging modalities have emerged to complement
traditional anatomical imaging. Indeed, molecular imaging techniques can serve a variety of roles in
the clinical care of ovarian cancer patients, including (i) the localization of primary tumors; (ii) the
determination of the extent of metastatic spread; (iii) the stratification of patients for surgery and
therapy; (iv) the evaluation of the metabolic status of the tumor; (v) the characterization of the
expression levels of biomarkers by the malignant tissue; and (vi) the design, implementation, and
monitoring of targeted therapies.
In this introduction, our goal is to provide a broad overview of the roles that imaging — and
molecular imaging, in particular — plays in the management of ovarian cancer. The introduction is
composed of four sections, each focused on a different type of imaging: magnetic resonance
imaging, nuclear imaging, optical imaging, and ultrasound imaging. While primary emphasis is given
to clinical studies, particularly innovative and promising preclinical investigations will be discussed as
well.

Magnetic Resonance Imaging
Traditional magnetic resonance imaging has demonstrated significant utility in ovarian cancer
imaging, particularly in distinguishing between benign and malignant ovarian lesions that are
indeterminate on ultrasound. For example, a recent study performed by Haggerty et al. in patients
with indeterminate adnexal masses showed that pelvic MRI had a sensitivity of 95.0% and specificity
of 94.1% for detecting malignant tissue (3). Similarly, Adusumilli and colleagues demonstrated that
MR imaging boasts a sensitivity of 100% for identifying malignant tissue and a specificity of 94% for
the delineation of benign ovarian masses

(4)

. To improve the visibility of anatomical structures,
14

contrast agents are frequently used in conjunction with MR imaging. Along these lines, recent years
have witnessed a surge in preclinical studies using targeted contrast agents based on superparamagnetic iron oxide nanoparticles (SPIONs) (5). In one study, Shahbazi-Gahrouei and colleagues
conjugated SPIONs with a MUC1-specific antibody and conducted in vivo animal imaging and
biodistribution studies in OVCAR3 tumor-bearing mice which showed significant and specific
uptake of the contrast agent within the tumor tissue (5). Quan, et al obtained similar results in an
investigation using ultra-small SPIONs bearing antibodies that target ovarian carcinoma-associated
antigen (6).
Beyond providing anatomic information, MRI can also be used for functional imaging via
diffusion-weighted imaging (DWI), dynamic contrast enhanced (DCE), and magnetic resonance
spectroscopy (MRS). DWI measures the Brownian motion of water molecules, which is impacted by
the hypercellularity of tumor tissue and the extracellular architecture. Apparent diffusion coefficients
(ADC) derived from DWI provide a quantitative parameter of the diffusivity of the imaged tissue. In
a 41 patient study, Schwenzer, et al. evaluated DWI in the context of peritoneal carcinomatosis and
compared the results to 18F-FDG-PET/CT (7). They found that there was a moderate yet significant
correlation between ADC and standard uptake value (SUV) for peritoneal masses. DCE-MRI, on
the other hand, acquires images at different time points following the injection of an MR contrast
agent. The transport kinetics of the contrast agent into the tumor are calculated and depend on both
vascularity and permeability of the malignant tissue. In a clinical study performed by Li, et al., DCEMRI was able to detect a significant difference between the contrast enhancement profiles of benign
and malignant ovarian tumors

(8)

. Finally, MRS measures the chemical composition of regions of

interest yielding semi-quantitative data on biochemical compounds such as choline, creatine, and
lactate. Esseridou, et al. evaluated MRS in 16 patients with ovarian masses who underwent
MRI/MRS followed by histopathological examination of the masses (9). Of the 19 malignant tumors
15

identified by histopathology, 17 demonstrated a choline peak on MRS, indicative of metabolic
deregulation and malignancy. Finally, in a prospective study of 21 patients undergoing neo-adjuvant
chemotherapy for advanced ovarian cancer, Sala, et al. found significant differences in baseline ADC
values between primary ovarian cancer, omental cake, and peritoneal deposits, indicating that
diffusivity profiles may be tumor site-dependent and suggesting biological heterogeneity of disease
(Figure 1.1) (10). In this work, ADC and the fractional volume of the extravascular extracellular space
(ve) correlated with the cytotoxic effects of platinum-based therapy and are thus potentially useful
response biomarkers, while choline concentration predicted but did not reflect response.
Furthermore, ovarian tumors and metastatic peritoneal implants display spatial heterogeneity as
perfusion, diffusion, and metabolism can vary markedly within the spatially distant tumor subregions which may in turn represent distinct phenotypic habitats within the tumor, distinct clonality,
or a combination thereof.

Nuclear Imaging
Not surprisingly, the most ubiquitous radiotracer in oncologic PET imaging — 18F-FDG — has
been used in a variety of ways in the management of ovarian cancer. For example, several reports
point to the superior performance of FDG-PET/CT in the detection of recurrent ovarian cancer. For
example, FDG-PET/CT is reported to have found positive lesions in many instances where CT by
itself was negative

(11)

. Furthermore, FDG-PET was able to document the evidence of disease

recurrence 6 months prior to findings on CT

(12)

. Pre-operative whole body imaging via FDG-

PET/CT has often contributed to the accurate upstaging of ovarian cancer patients as well,
especially with regard to lymph node involvement (Figure 1.2)

(13,14)

. In addition to the qualitative

visualization of lesions on an FDG-PET scan, semi-quantitative parameters such as SUV have been
shown to have prognostic and predictive utility during clinical follow-up (15).
16

Figure 1.1. Multiparametric MR images (3.0 T) of a 58-year-old woman with advanced
ovarian cancer.
(A) T2-weighted imaged; (B) DW image (b = 500 sec/mm2); (C) fused T2 and DW image; (D) T2weighted image showing ROI for MR spectroscopy (red); (E) spectral fit (red) overlaid on the raw
MRS data (grey), illustrating a strong choline (Cho) signal. Adapted and reprinted with permission
from Sala, et al (10).
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Figure 1.2. FDG-PET/CT of recurrent ovarian cancer.
(A) Maximum intensity projection FDG-PET; (B-D) transaxial fused PET/CT images delineating
uptake of the radiotracer in the liver (B), the peritoneum (C), and the locoregional lymph nodes (D).
Adapted and reprinted with permission from Caobelli et al. (14).
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Along these lines, Vallius et al. used FDG-PET/CT to predict histopathologic responders from
non-responders to neoadjuvant chemotherapy (NACT) prior to interval debulking surgery

(16)

. In

another example, a recent clinical study in 12 platinum-resistant patients demonstrated an exposure–
response relationship between a pan-AKT inhibitor and the tumoral uptake of FDG (17).
Despite its utility in ovarian cancer, FDG-PET has some important limitations, most notably the
prevalence of false negatives associated with the cystic nature of ovarian cancer and false positives
stemming from the uptake of FDG in inflammatory cells and benign growths. In response to these
limitations, an impressive array of second-generation radiotracers have been developed and
translated to the clinic. For example, two SPECT radiotracers that target the folate receptor (FR) —
111

In-DTPA-folate and

99m

Tc-etarfolatide — have shown promise for the delineation of newly-

diagnosed ovarian cancer and the stratification of patients based on their levels of FR expression in
ovarian tumor lesions, respectively

(18,19)

. Shifting gears to PET, a recent clinical report probing the

possibility of imaging estrogen receptor alpha (ER) levels with 18F-labeled estradiol found that this
radiotracer could delineate ER+ tumors from ER- tumors with high specificity (20). Finally, a first-inhuman PET imaging study using a 89Zr-labeled anti-mesothelin antibody in 4 ovarian cancer and 7
pancreatic cancer patients found that the mean SUVmax was higher in ovarian cancer lesions than in
pancreatic cancer lesions (21).
Moving from the clinic to the laboratory, a number of promising imaging agents have been the
subjects of preclinical studies in recent years. Sharma, et al., for example, have reported the
development of a

89

Zr-labeled radioimmunoconjugate based on the CA125-targeting murine

antibody B43.13 (22). Notably, this agent is capable of delineating the metastatic spread of OVCAR3
tumors along the ipsilateral chain of lymph nodes. Ocak, et al. recently employed a 68Ga-DOTAalbumin-folate conjugate and FR680 for the multimodal PET/FMT imaging of the intraperitoneal
spread of FR-positive MKP-L cells

(23)

. Similarly, Liu and coworkers reported on the multimodal
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PET/OI imaging of metastatic ovarian tumors within the peritoneum of mice using a 64Cu-labeled
pyropheophorbide-folate conjugate

(24)

. Finally, Li, et al. have recently created a SPECT imaging

agent to target the interleukin-6 receptor (IL-6R)
peptide —

99m

(25)

. In their work, a radiolabeled IL-6R-targeting

Tc-HYNIC-Aca-LSLITRL — displayed high uptake in C13K tumors that express

high levels of IL-6R and much reduced retention in SKOV3.ip tumors known to express low levels
of IL-6R.
A particularly interesting subset of preclinical investigations has focused on the use of nuclear
imaging for the monitoring of therapeutic progress. For example, the HER2-targeted affibody 99mTcpeptide-ZHER2:342 was recently successfully employed for monitoring the efficacy of trastuzumab
therapy in a SKOV3 xenograft model via SPECT (26). Likewise, Niu et al. have shown that the uptake
of

64

Cu-DOTA-trastuzumab can be used to monitor response to therapy with 17-DMAG

(27)

.

Finally, Nagengast et al. have demonstrated the utility of 89Zr-labeled bevacizumab as an imaging
marker for early response to anti-angiogenic therapy with an Hsp90 inhibitor, NVP-AUY922 (28).

Optical Imaging
Optical imaging is emerging as a powerful tool in biomedical research and clinical practice. In
oncology, the use of fluorescent probes as tools for image-guided surgery has proven particularly
promising. In this setting, the imaging agents assist surgeons in distinguishing malignant from
benign tissue with the help of a navigation system that activates the molecular probe and captures
and processes the emitted light to generate an image in real time (29). The first-in-human studies using
this approach were published in 2011 by van Damm, et al., who exploited the over-expression of
folate receptor alpha (FR- ) in ovarian cancer by developing a fluorescein-conjugated folate probe
(FITC-folate) (Figure 1.3) (30). Ten patients with suspected ovarian cancer received an
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Figure 1.3. Identification of metastatic ovarian cancer deposits via intraoperative and ex vivo
fluorescence Imaging.
Comparative images of tumors within the abdominal cavity visualized under white light (A) versus
fluorescence emissions from a folate receptor-targeted probe (B); (C) statistical analysis revealing the
benefit of intraoperative fluorescence imaging; (D) identification of two metastatic lesions in the
greater omentum using the indocyanine green dye; (E) ex vivo visualization of the resected lesions.
Adapted and reprinted with permission from van Dam et al. (30) and Tummers et al. (31).
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injection of the probe and underwent image-guided surgery, followed by post-operative
histopathological analyses. Critically, all tissue samples that fluoresced in vivo and ex vivo were
confirmed to be malignant, while none of the resected benign tissues exhibited fluorescence.
Similarly, a clinical trial is currently underway with data recently presented by Tummers et al

(32)

.

Briefly, FITC-conjugated folate was injected into patients undergoing cytoreductive surgery. Out of
the 12 ovarian cancer patients, 44 confirmed malignant lesions were resected, including 6 that were
not identified by initial surgical inspection.
Recently, the attention of the field has shifted from fluorophores that emit visible light to probes
that emit near infrared fluorescence (NIRF). To provide a few examples, Terwisscha van Scheltinga
et al. targeted epidermal growth factor receptor 2 (HER2) and vascular endothelial growth factor
using IRDye 800CW-labeled monoclonal antibodies

(33)

, while Lee et al. targeted FR-

with an

activatable NIRF probe that only emits fluorescence following cleavage of a linker by the lysosomal
enzyme cathepsin B

(34)

. In the clinic, Tummers et al. conducted a trial in which 10 patients with

suspected ovarian cancer were administered indocyanine green (ICG) prior to image-guided
cytoreductive surgery. Although all of the metastatic deposits in these patients exhibited NIR
fluorescence, 13 non-malignant lesions also exhibited fluorescence, leading to a high false-positive
rate of 62% (31).

Ultrasound
Both photoacoustic imaging and traditional ultrasound have also shown promise for ovarian
cancer imaging. As its name suggests, photoacoustic imaging is predicated on the photoacoustic
effect: the generation of ultrasonic waves following the absorption of photons by biomolecules such
as hemoglobin or melanin. Because ultrasonic waves exhibit less scattering in biological tissue
compared to photons, photoacoustic imaging has the potential to visualize tumors deep within the
22

body

(35)

. Along these lines, Aguirre et al. have developed a co-registered ultrasound/photoacoustic

imaging system and used it to image 33 ovary samples collected from patients undergoing
oophorectomy, ultimately determining a sensitivity and specificity of 83% for diagnosing ovarian
cancer in postmenopausal ovaries

(36)

. More recently, several papers have been published improving

upon the hybrid technology, including the creation of a system for the real-time co-registration of
images

(37)

and a miniaturized illumination probe for transvaginal photoacoustic imaging

(38)

.

Exogenous contrast agents can also be used for photoacoustic imaging, as Jokerst et al. have
illustrated in their work using non-targeted gold nanorods as a contrast agent for photoacoustic and
Raman imaging (39).
Traditional ultrasound continues to be further improved as well, especially with the
development of microbubble-based contrast agents for the imaging of tumor angiogenesis. For
example, Willmann et al. observed increased ultrasound signal in ovarian tumor tissue after the
administration of perfluorocarbon-filled microbubbles conjugated to knottin peptides targeting
integrin alphavbeta3 (40). More recently, Lutz et al. observed a significantly higher ultrasound signal
using microbubbles engineered to target the vascular marker CD276 (Figure 1.4) (41). Ultimately, the
real-time acquisition and processing of both traditional ultrasound and photoacoustic imaging —
combined with the fact that ultrasound systems are inexpensive and widespread in the clinic —
make these modalities primed for increased use as diagnostic tools for ovarian cancer.

Conclusion
With the advent of personalized medicine, this field has reached a fascinating crossroads. Much
of the silence of the ‘silent killer’ has been dispelled, and recent years have witnessed a surge in the
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Figure 1.4. Preclinical contrast-enhanced ultrasound imaging of angiogenesis.
Microbubbles functionalized with a CD276-targeting antibody (MBCD276) effectively targeted
xenografts composed of 2008 human ovarian cancer cells mixed with the CD276-expressing MS1
mouse endothelial cells. The specificity of targeting was demonstrated via comparison with isotype
antibody-functionalized microbubbles (MBISO) as well as a blocking experiment in which an excess
of CD276 antibody was administered. Adapted and reprinted with permission from Lutz et al. (41).
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understanding of the etiology and molecular characteristics of the disease. In light of these advances,
we believe that imaging will play a central role in both the preclinical study and clinical management
of ovarian cancer in the years to come. As we have discussed in these pages, an array of extremely
promising imaging strategies have already impacted clinical care. The future is even brighter. Indeed,
there are a variety of different avenues that are primed for innovation. In our opinion, two stand
out. First, the use of hybrid imaging systems — such as PET/MR — that provides simultaneous
anatomical and functional data has shown potential in the ovarian cancer setting and certainly merits
further investigation (Figure 1.5). Second, the current push to unravel the molecular fingerprints of
the sub-types of ovarian cancer has yielded a list of new biomarkers that is growing by the day.
Molecular imaging agents targeting these biomarkers have the potential to serve two exciting roles:
as diagnostic tools for the identification of a patient’s tumor type and as theranostic tools for the selection
of personalized targeted therapies. In the end, we are optimistic and hopeful that the combination of
technological innovations, novel imaging probes, and the further integration of imaging into clinical
protocols will lead to significant and lasting improvements in the prognosis and care of ovarian
cancer patients.
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Figure 1.5. PET/MRI: An emerging hybrid imaging technique.
Axial (A) and coronal (B) T2-weighted MRI scans of an ovarian cancer patient, in which tumor
lesions were seen adjacent to the liver (long arrow), segment IV of the liver (dotted arrow), porta
hepatis (short arrow), and peritoneum (arrowheads); fused axial (C) and coronal (D) PET/MRI scans
wherein FDG-PET not only demonstrated excellent correlation with lesions identified previously by
MRI alone but also highlighted new lesions; (E) whole body MIP from FDG-PET showing multiple
lesions in the chest and abdomen. Adapted and reprinted with permission from Partovi et al. (42).
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CHAPTER 2: Preclinical Evaluation of MUC16 Antibodies for PET
Imaging of Ovarian Cancer
Introduction:
Ovarian Epithelial Carcinoma
With approximately 22,440 cases estimated to be diagnosed in 2017, ovarian cancer is the
second most common gynecologic malignancy and the most common cause of gynecologic cancer
death in the United States

(43)

. There are a several distinct types of ovarian cancer such as germ cell

tumors and sex-cord stromal tumors, but epithelial ovarian carcinoma constitutes the majority of the
cases with 95% being attributed to this class

(44)

. Although the incidence is low compared to other

cancer types, the average 5-year survival is low, 29%

(45)

. This is due to the non-specific symptoms

such as bloating, abdominal pain, and fatigue which cause many patients to present with advancedstage disease

(46)

. CA-125, a serum biomarker cleaved from the transmembrane protein MUC16, is

used as a diagnostic tool for ovarian epithelial carcinoma. Although CA-125 is the most widely used
laboratory test for the evaluation of adnexal masses, its utility as a tumor marker has been debated in
the literature due to its low specificity (78%) and low sensitivity (78%), especially in early- stage and
premenopausal patients

(46)

. In addition, this serum biomarker is known to be elevated in several

conditions other than ovarian epithelial carcinoma such as uterine inflammation, liver disease and
pancreatitis (47).
In terms of imaging modalities used for the initial evaluation of adnexal masses, transvaginal
ultrasound is the most widely used (48). Despite its high sensitivity for identifying masses (99.7%), the
specificity for malignant masses is low (33.7%)

(49)

. Due to the high risk of spillage and seeding of

malignant cells upon puncturing the mass, image-guided biopsies are not routinely performed in
patients with suspicious lesions

(50)

. Thus, a definitive diagnosis of epithelial ovarian carcinoma
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requires surgical resection of the mass and histologic analysis. In fact, a large proportion of patients
with adnexal masses who undergo surgery do not have epithelial ovarian carcinoma. For example, in
a large ovarian cancer screening randomized trial, of the 570 patients that underwent a surgical
procedure for suspicious ovarian mass, only 20 cases of malignancy were identified (3.5%)

(51)

.

Therefore, there is an unmet need for a non-invasive imaging tool that is capable of
delineating ovarian epithelial carcinoma—the overall goal of this project.
Because the degree of clinical suspicion of ovarian cancer is much greater for
postmenopausal women than for premenopausal women, this diagnostic tool would be most useful
for premenopausal women. More specifically, this tool would be most useful for patients who have a
personal history or family history of BRCA 1/2 mutant breast or ovarian cancer as carriers of these
mutations have been shown to have elevated risk of ovarian cancer

(52)

. Owing to the fact that the

oophorectomy procedure causes immediate menopause, which increases the risk of conditions such
as osteoporosis and heart disease among others, premenopausal women considering surgical
resection should have a more sensitive and specific diagnostic tool to confirm malignant disease.
Although the incidence of adnexal mass being malignant in premenopausal women is low (1-3:1000),
the consequences of a false negative diagnosis are too great to ignore. In addition to diagnosis, the
proposed radiotracer could be used as a tool to monitor response to treatment following surgical
resection and adjuvant chemotherapy. Some of the limitations that are seen with the current
methods for diagnosis of ovarian epithelial carcinoma can be addressed by using molecularly
targeted imaging tracers providing a noninvasive approach. The specific targeting capability of
antibodies to biomarkers expressed on the tumor cell surface makes immunoPET imaging an
attractive platform for diagnosis of malignancies(53).
Zirconium-89 and ImmunoPET
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Full, intact antibodies have an average biologic half-life of about 3 weeks and because of
their size, can take two to four days to accumulate within tumor tissue while clearing from
background tissue

(54,55)

. As such, this property necessitates the use of a radionuclide that has a

corresponding physical half-life, in this case, zirconium-89 (t1/2= 3.3 days)(56). 89Zr decays first by
positron emission and electron capture to 89mY that then decays by gamma emission to stable 89Y (55).
Previous studies have demonstrated that free 89Zr is taken up primarily by the bone, joints and
cartilage and DFO-89Zr is taken up primarily by the liver (57).
An important consideration regarding the use of immunoPET is the risk of release of 89Zr4+
from the antibody which could be detrimental to non-targeted tissues. Holland et al. examined the in
vivo biodistribution of free 89Zr-chloride and 89Zr-oxalate by injecting mice with 300 µCi of each via
the tail vein. They found that 89Zr-chloride was mainly sequestered in the liver while 89Zr-oxalate
showed high accumulation in the bones, joints and cartilage

(58)

. To avoid the release of 89Zr, a

chelator that forms a stable complex with the 89Zr is necessary. Over the years, several chelator
have been used such as diethylenetriaminepentaacetic acid (DTPA), ethylenediaminetetraacetic acid
(EDTA), 1,4,7,10-tetraacetic acid (DOTA), and desferoxiamine (DFO)

(59)

. Compared to

89

Zr-

DTPA, 89Zr-EDTA, and 89Zr-DOTA, 89Zr-DFO has been shown to be the most stable, and as such,
DFO is currently the most common chelator for 89Zr. Meijs et al. and Holland et al demonstrated
that only 0.2% of 89Zr was released from the 89Zr-DFO complex after 24 hours in serum and after 7
days less than 2% had been released

(57,59)

. These favorable stability measurements encouraged

investigators to develop several techniques for the conjugation of DFO to biomolecules

(60-62)

. A

simplified method of DFO conjugation was developed by Perk et al. with the derivative pisothiocyanatobenzyl-DFO which can be directly coupled to lysine residues of antibodies via a
thiourea linkage

(62)

. An important consideration of this method of bioconjugation is the potential
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for decreased immunoreactivity of the antibody due to the chelator interfering with the antigenbinding domain of the antibody. Work is currently being done to develop more controlled
conjugation methods (63-66).
89

Zr-labeled antibodies directed against various malignancies have been investigated in many

preclinical and clinical trials. Notably, human epidermal growth factor receptor 2 (HER2) has been
the focus of many studies as this receptor is involved in angiogenesis, differentiation, metastasis,
proliferation and cell survival and has been shown to be overexpressed in breast and ovarian cancer
(67)

. The anti-HER2 antibody trastuzumab was approved by the FDA for the treatment of HER2-

positive breast cancer, but it has also been used as a molecular imaging targeting vector (68). Chang et
al. demonstrated that 89Zr-labeled trastuzumab was able to specifically accumulate in HER2-positive
murine tumor models. Further, the first human study using 89Zr-trastuzumab was published in 2010
(69,70)

. Fourteen breast cancer patients with HER2- positive metastatic disease received the

radiolabeled antibody and PET scans that showed high uptake in the tumor lesions. All of the
known tumors were detected in addition to lesions that had no previously been identified. This and
other clinical studies have shown that

89

Zr-based immunoPET is capable of producing high-

resolution images with high tumor uptake and good signal-to-noise ratio (71,72).
Molecular Target: MUC16
For the purposes of this study, we will be exploiting the overexpression of MUC16, a heavily
glycosylated transmembrane mucin protein with a core peptide of 22,152 amino acids and molecular
weight of 2.5 MDa

(73)

. This protein is found to be expressed at a basal level on the apical

membranes of epithelial cells in the cornea, conjunctiva, the respiratory tract, and female
reproductive tract. The outer portion of the MUC16 protein, once cleaved, is known as CA-125, a
widely-used biomarker for ovarian epithelial carcinoma. The ectodomain contains the N- terminus, a
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tandem repeat region with over 60 tandem repeats of 156 amino acids and a region with several SEA
domain region that mediates the auto-cleavage (Figure 2.1)

(74)

. Several studies have shown that

MUC16/CA-125 is overexpressed in various cancer types, including ovarian epithelial carcinoma. In
addition, they demonstrate that this glycoprotein promotes cancer cell proliferation and inhibits anticancer immune responses (75-77). In order to explore the biology of MUC16 more extensively, Rao et
al. derived several murine monoclonal antibodies against the extracellular portion of MUC16
proximal to the CA-125 cleavage site

(78)

. The fact that these antibodies target the portion of the

antigen that remains attached to the cell membrane following cleavage is advantageous because it
minimizes binding of the tracer to shed serum antigen, thus lowering background organ uptake and
increasing the signal to noise ratio. In this chapter, our goal is to validate this hypothesis and
determine the optimal MUC16 antibody for imaging using an in vitro screen followed by in vivo
characterization.
Results and Discussion

Bioconjugation and Radiolabeling
To begin with the bioconjugation of the antibodies to functionalized isothiocyanate
desferrioxamine chelator (p-SCN-Bn-DFO), a concentrated solution of each antibody dissolved in
PBS was pH adjusted to 8.5-9 and incubated with the chelator dissolved in DMSO at a 10:1 molar
excess for 1 hour at 37 degrees Celsius. The modified antibodies were purified from the unreacted
chelator using centrifugal filters (Amicon Ultra 50 kDa) and aliquoted and stored at -20 degrees
Celsius. Each of the antibodies was then radiolabeled with 89Zr in PBS for 60 minutes at 37 degrees
Celsius. Radiochemical yields and specific activities were calculated using instant thin layer
chromatography (ITLC) with a mobile phase of EDTA (pH 5.0, 50 mM) where the free 89Zr
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Figure 2.1 Schematic of MUC16/CA-125 glycoprotein and panel of murine antibodies.
Murine MUC16 antibodies were raised against peptide sequences (1 and 2) highlighted by arrows
pointing to region of glycoprotein proximal to the putative cleavage site. No in vitro or in vivo
patterns were observed based on peptide origin of murine antibodies.
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migrates with the solvent front and the chelated 89Zr remains at the baseline. Specific activities for
the antibodies varied from 0.21 µCi/µg to 5.74 µCi/µg (Figure A.2.1). In addition, one of the
antibodies from the panel, 4A2, did not label at all with a radiochemical yield of 0.00% and specific
activity of 0.0 µCi/µg. Nevertheless, the remaining 11 antibodies did in fact label with the majority
of them (8 of the 11 remaining) having a specific activity of 3.19 µCi/µg or greater. The three
leading candidates 89Zr-7B12, 89Zr-9C9, and 89Zr-4H11 had radiochemical yields of 98%, 99% and
95% respectively, along with specific activities of 5.32, 4.35, and 5.74 µCi/µg, respectively (Figure
2.2).
Of course, in terms of imaging, the higher the specific activity, the more advantageous
because this minimizes the risk of saturating binding sites within the target tissue, leading to higher
relative uptake. The differences that we have observed in the specific activities of the antibodies are
most likely due differences in the efficiency of the bioconjugation reactions. Although the exact
same conditions were used, there were slight variations in the concentrations of the starting antibody
solutions (12-14 mg/mL), but not enough variation to explain wide discrepancy in specific activities.
Other possible reasons why four of the twelve antibodies had specific activities below 3 µCi/µg may
lie in the actual primary or tertiary structure of the antibodies. As lysine residues are required for the
DFO coupling, subtle differences in the number of lysines, or tertiary structure that obscures lysines
could potential impact the bioconjugation reaction. In addition, subtle differences in the pH of the
reaction mixture could have an impact as well.
Immunoreactivity
Due to the fact that we used a non-specific bioconjugation approach to couple DFO to the
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Figure 2.2. Radio-ITLC of lead antibody candidates and serum stability challenge.
The radio-ITLC chromatograms of radiolabeling reactions were acquired by spotting 1 µL of each
reaction mixture on silica-gel impregnated glass-microfiber paper strips using 50 mM EDTA at pH 5
as the mobile phase. The antibody bound activity remained at baseline and crude radiochemical yield
report as percentage of total radioactivity at baseline. Serum stability of the radioimmunoconjugates
was assessed by incubating 100 µL of purified reaction mixture in 900 µL of human male AB+
serum at 37 degrees Celsius. Aliquots of radioimmunoconjugates (in triplicate) were assessed via
radio-ITLC at the time points listed above.
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antibodies, it is entirely possible that this step could be a negative effect on the ability of the
antibodies to bind the target. For instance, if the chelator binds within the antigen binding site, it
could disrupt sensitive antigen-antibody interactions, and as such, the next step in this screen is the
immunoreactivity assay where a constant amount of radiolabeled antibody was incubated with
increasing amounts of the antigen-positive ovarian cancer cell line, SKOV-3 (79). Following a 1-hour
incubation period and a series of PBS washes, the cell-associated activity was counted on a gamma
counter. The panel of antibodies displayed a range of immunoreactivities from 61.5 ± 1.2 % to 88.3
± 5.9 % with the lead candidates, 89Zr-7B12, 89Zr-9C9, and 89Zr-4H11 displaying immunoreactivities
of 86.7 ± 4.7 %, 84.6 ± 4.4 %, and 88.3 ± 5.9 %, respectively (Figures 2.3, A.2.1, A.2.2). The eight
radiolabeled antibodies with the highest immunoreactive fractions (above our cutoff of 70%) were
carried forward to the next screening assay.
Cell Saturation Binding
As opposed to the immunoreactivity assay which determines the fraction of antibody that is
able to bind the target post-radiolabeling, the cell saturation binding assay (Scatchard assay) provides
insight into how well, or how strongly the antibodies are able to bind yielding affinity (Kd) values. By
incubating a constant amount of antigen-positive cells with increasing concentrations of radiolabeled
antibody, we can determined the Kd values of the radiolabeled antibodies ranged from 6.37 ± 1.20
nM to 19.80 ± 1.09 nM with the three lead candidates, 89Zr-7B12, 89Zr-9C9, and 89Zr-4H11 yielding
values of 9.95 ± 1.24 nM, 9.02 ± 1.49 nM, and 6.37 ± 1.20 nM (Figures 2.4, A.2.1, A.2.3).
Interestingly, these values are within close proximity to the Kd values obtained by Dharma Rao et al.
who reported values ranging from 6.8 ± 0.6 to 8.6 ± 1.9 nM

(36)

. Our data suggest that the

bioconjugation coupling and radiolabeling did not significantly affect the binding affinity of these
MUC16 antibodies. From this point, we eliminated the antibodies that exhibited Kd values greater
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Figure 2.3. Immunoreactivity assay of three leading candidates.
The radioimmunoconjugates were functionally characterized for binding to antigen-expressing cells
(SKOV-3) and the determination of the immunoreactive fraction via Lindmo assays (79). Aliquots of
each radioimmunoconjugate, 50 µL of 1 µCi/mL stock were added to tubes containing 5.0 x 105 –
5.0 x 106 cells/mL (in triplicate) in 500 µL PBS, 1% BSA (pH 7.4 to a final volume of 550 µL). Cell
bound activity was counted and data graphed on double-reciprocal plot. Immunoreactive fractions
are presented as mean percentages of triplicate samples ± SEM.
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Figure 2.4. Cell saturation binding assay of three leading candidates.
The radioimmunoconjugates were characterized for binding to antigen-expressing cells (SKOV-3)
and the KD values were calculated. 5.0 x 106 cells were incubated with increasing nanomolar
concentrations of each radioimmunoconjugate. Following washes, cell bound activity was counted
and data graphed using Prism 7 Software. Affinity values were calculated and presented as mean
value of triplicate samples ± SEM.
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than 10 nM from the screen (28F8: 19.80 ± 1.09 nM, 4C7: 13.29 ± 2.89 nM, 9B11: 13.80 ± 2.92
nM).

In Vitro Cell Uptake
We next investigated the extent to which each of the remaining five antibodies were
internalized by the antigen positive cell line, SKOV-3. In terms of molecular imaging, antibodies that
are actively uptaken by tumor tissue are advantageous in the sense that the cells, in essence, capture
the radioactive isotope and sequester it from other tissues. Further, as a radiometal,

89

Zr is

residualized within the cells following internalization as it is incorporated into cellular proteins. This
is in contrast to other commonly used isotopes such as

131

I which is effluxed from cells after

internalization. Briefly, we incubated each of the radiolabeled antibodies with SKOV-3 cells for
various time points and washed with PBS, followed by acid, followed by base to collect the unbound
antibody, cell surface bound antibody, and internalized antibody, respectively. This protocol was
followed at both 37 degrees and 4 degrees Celsius as a negative control for active internalization.
All five of the antibodies were shown to be actively internalized, albeit at different rates over
a 24 hour period (Figures 2.5, A.2.1, A.2.4). 89Zr-7B12 exhibited a rapid uptake to 4.24 ± 0.62 %
normalized dose by 1 hour and then a very gradual internalization to 8.41 ± 0.59 % by 24 hours.
Similarly, 89Zr-9C9 exhibited a rapid internalization to 5.22 ± 1.34 % by 1 hour followed by gradual
accumulation to 11.89 ± 2.21 % normalized dose by 24 hours. Most notably, 89Zr-4H11 exhibited
the fastest uptake with 12.47 ± 3.02 % of the normalized dose being internalized by 4 hours
followed by a slow accumulation to 14.09 ± 1.34 % by 24 hours (Figure 2.5). The two inferior
antibody candidates (89Zr-2F4 and 89Zr-23D3) did internalize, but less than 5% of the normalized
dose after 24 hours (Figure A.2.4). It is curious that all five of these antibodies show varying rates
and different maximal cell internalization values given that they were all raised against the same
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Figure 2.5. Internalization assay of three leading MUC16 radioimmunoconjugate
candidates.
Internalization of each radioimmunoconjugate was investigated on SKOV-3 cells. 1 × 105 cells were
incubated for 1-24h with 2 mL of radioimmunoconjugate (1µCi/mL) at 37 and 4 degree Celsius.
The percent internalized activity was calculated as the ratio of the activity of the washed lysate and
the total activity. Uptake values reported as mean of triplicate samples ± SEM.
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segment of antigen, MUC16. A possible reason for this could be the geometry of binding of each of
these antibodies. It could be the case that each of the antibodies binds at a slightly different angle or
conformation such that they have different proximities to the cell membrane. It would follow that
antibodies that bind closer to the membrane would be uptaken more rapidly.

Serial PET Imaging
At this point, we have been able to narrow down our panel of twelve MUC16 antibodies to
the three leading candidates (89Zr-7B12, 89Zr-9C9, 89Zr-4H11). To assess these tracers in vivo, we
performed serial PET imaging with female, athymic nude mice bearing subcutaneous SKOV-3
xenografts. The radiolabeled immunoconjugates were injected via the tail vein and PET images were
acquired at 4 time points post-injection (24, 48, 72 and 96h). Presented in all of the imaging figures
are coronal slices of the mice through the tumor tissue (all scaled from 0 to 20 % injected dose per
gram) and maximal intensity projections (MIP) representing the total body image.
For 89Zr-7B12 (Figure 2.6), despite its favorable in vitro cell uptake values, we observe at
limited uptake of the tracer in the tumor tissue throughout the entire time course. The liver at 24h
ours and throughout the 96 hours appears to be the organ with the most activity followed by the
spleen. These are both organs with prominent reticuloendothelial cells so the high uptake in these
organs may be due to aggregation of the tracer. There is also prominent bone uptake with this tracer
that continues to gradually accumulate throughout 96 hours.
The 89Zr-9C9 (Figure 2.7) images show somewhat of an improvement from 89Zr-7B12. The
is slow accumulation of the tracer within the tumor that intensifies beginning at 48 hours postinjection and continues to accumulate throughout 96 hours. Similar to 89Zr-7B12, there is liver
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Figure 2.6. Serial PET imaging of 89Zr-DFO-7B12
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing limited tumor
uptake and high background tissue activity. Representative coronal and maximal intensity projection
(MIP) PET images of 89Zr-DFO-7B12 (168-176 µCi in 150 µL of PBS injected via tail vein) in
athymic nude mice bearing subcutaneous MUC16-positive SKOV-3 tumors xenografted on the right
shoulder (white arrow). Coronal planar images intersect the middle of the tumor.
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Figure 2.7. Serial PET imaging of 89Zr-DFO-9C9
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing high tumor
uptake as well as liver and kidney activity. Representative coronal and maximal intensity projection
(MIP) PET images of 89Zr-DFO-9C9 (181-194 µCi in 150 µL of PBS injected via tail vein) in
athymic nude mice bearing subcutaneous MUC16-positive SKOV-3 tumors xenografted on the right
shoulder (white arrow). Coronal planar images intersect the middle of the tumor.
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uptake at 24 hours, but it slowly clears from the liver throughout 96 hours. Further, this tracer
shows kidney uptake that is visualized at 24 hours and slows clears through 96 hours, but not
completely. This kidney uptake could potential be a sign of fragmentation of the antibody in vivo.
For the final tracer, 89Zr-4H11, the images are much clearer of background organ activity
(Figure 2.8). The tracer accumulates very rapidly beginning at 24 hours and continuing to accumulate
through 96 hours, similar to what was seen in the in vitro cell uptake study (Figure 2.5). There is liver
uptake that dissipates from 24 hours to 96 hours. Interestingly, there are 4 bilateral structures that
are illuminated at all time points in the maximal intensity projections. We have identified these
structures as the submandibular and axillary lymph nodes. Histopathological analysis of these lymph
nodes by the Laboratory of Comparative Pathology revealed no signs of neoplastic cells within these
nodes and instead noted histiocytosis and hyperplasia consistent with drainage reaction. Because
ovarian cancer has a propensity to invade lymph nodes, this phenomenon of false positives may
have be a hurdle in terms of clinical translation.

Ex Vivo Biodistribution
To confirm the PET imaging results and to verify specificity of the tracers, ex vivo
biodistribution studies were performed (Figure 2.9). The radiolabeled immunoconjugates were
injected via tail vein into female athymic nude mice bearing SKOV3 tumors and various organs were
collected at 96 hours post-injection, analyzed on a gamma counted, and weight normalized. The
results of these studies confirm the trends that were revealed in the imaging data. The tumor uptake
values at 96 hours post-injection for 89Zr-7B12, 89Zr-9C9, and 89Zr-4H11 were 5.34 ± 1.14 % ID/g,
18.76 ± 2.63 % ID/g, and 17.44 ± 2.89 % ID/g, respectively. These values correspond with the
PET images, most notably for 89Zr-7B12 which had very little uptake within the tumor according to
the images. By co-injecting with 50-fold excess cold antibody, we were able to significantly lower the
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Figure 2.8. Serial PET images of 89Zr-DFO-4H11
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing high tumor
radioactivity concentration and lymph node activity. Representative coronal and maximal intensity
projection (MIP) PET images of 89Zr-DFO-4H11 (173-187 µCi in 150 µL of PBS injected via tail
vein) in athymic nude mice bearing subcutaneous MUC16-positive SKOV-3 tumors xenografted on
the right shoulder (white arrow). Coronal planar images intersect the middle of the tumor.
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tumor uptake values for 89Zr-9C9 and 89Zr-4H11 to 6.86 ± 1.92 % ID/g and 7.26 ± 2.13 % ID/g,
signifying specific uptake of the hot tracers. Because the uptake of 89Zr-7B12 was already quite low
to begin with, co-injection with 50-fold excess of the antibody did not significantly decrease the
uptake of the hot tracer, signifying non-specific uptake. The high liver uptake that was seen in the
PET images of 89Zr-7B12 was also confirmed by ex vivo biodistribution as the uptake value was 16.98
± 2.23 % ID/g as compared to 8.91 ± 2.14 % ID/g and 6.23 ± 1.21% ID/g for 89Zr-9C9 and 89Zr4H11. Further, the high kidney uptake visualized with 89Zr-9C9 was confirmed to be 11.08 ± 2.38%
ID/g while it was 5.88 ± 1.19 % ID/g and 4.27 ± 0.94% ID/g for 89Zr-7B12 and 89Zr-4H11.
Interestingly, the lymph node uptake for 89Zr-4H11 registered at 11.53 ± 2.82 % ID/g while 89Zr7B12 and 89Zr-9C9 had values of 6.76 ± 1.98 % ID/g and 4.24 ± 0.49 % ID/g.
The goal of this screen was to find the optimal radiolabeled antibody against MUC16 from the
panel of 12. Ultimately, the best antibody would have the highest tumor uptake with the lowest
background organ uptake. Although the tumor uptake of 89Zr-9C9 is slightly higher, within error, at
96h post-injection, 89Zr-4H11 had significant tumor uptake beginning at 24 hours whereas 89Zr-9C9
had significant uptake later on at 72 hours. This 48 hour time difference for tumor uptake of the
tracers is important because it implies that delivery of the radiolabeled 89Zr-4H11 to the tumor tissue
is the quickest of 3 tracers so we would potentially be able to image human patients sooner postinjection with 89Zr-4H11. Also, in terms of a potential radioimmunotherapy application, this is also
a desirable characteristic because 89Zr-4H11 appears to have a higher tumor activity residence time
and less off-target tissue uptake.
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Figure 2.9. Ex vivo biodistribution of three leading candidates 96h post-injection and
tumor-to-tissue ratios
Acute biodistribution of radioimmunoconjugates in SKOV-3 tumor-bearing mice. Biodistribution
data from athymic nude mice (n = 4 per group) following the administration of 89Zr-DFO-7B12,
89
Zr-DFO-9C9, and 89Zr-DFO-4H11 via tail vein injection (21-29 µCi, 3.6–6.6 µg). A 50-fold excess
was co-injected for the blocking groups. Tumor-to-tissue ratios calculated from %ID/g values.
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Conclusions
In this study, we set out to determine the optimal

89

Zr radiolabeled antibody for PET

imaging of ovarian cancer beginning with a panel of murine antibodies targeting the highly
overexpressed glycoprotein, MUC16. We conducted a series of in vitro assays to narrow down the
panel to those with the highest specific activity, highest immunoreactivity, highest affinity, and
highest and fastest internalization. We hypothesized that these in vitro properties would predict for a
tracer that, at an in vivo level, produce quality images with high tumor-to-background activity. 89Zr4H11 met all of the criteria that we set with the highest immunoreactivity, the highest affinity, the
highest specific activity, and the highest and most rapid internalization in vitro. Further, in vivo 89Zr4H11 performed the best as well with the highest tumor-to-background organ ratios all around
(Figure 2.9). ImmunoPET with 89Zr-4H11 is a potential strategy for the noninvasive imaging of
ovarian cancer and further work is currently underway to characterize the humanized version of this
antibody to push it one step closer to being evaluated as a diagnostic tool in man.

Materials and Methods

General Laboratory Procedures
Unless otherwise noted, all chemicals were acquired from Sigma-Aldrich (St. Louis, MO) and
used as received and all instruments were calibrated and maintained in accordance with standard
procedures. 89Zr was produced at Memorial Sloan Kettering Cancer Center on a TR19/9 cyclotron
(Ebco Industries Inc.) via the 89Y(p,n)89Zr reaction and purified to yield 89Zr with a specific activity
of 196–496 MBq/mg. Activity measurements were made using a CRC-15R Dose Calibrator
(Capintec). For the quantification of activities, samples were counted on an Automatic Wizard
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gamma counter (Perkin Elmer). The radiolabeling of ligands was monitored using instant thin-layer
chromatography paper (Agilent Technologies) and analyzed on a Bioscan AR-2000 radio-ITLC plate
reader using Winscan Radio-TLC software (Bioscan Inc., Washington, DC). All in vivo experiments
were performed according to protocols approved by the Memorial Sloan Kettering Institutional
Animal Care and Use Committee (Protocol 08−07−013).

Cell Culture
T-75 flasks (Corning, Corning NY) containing cells were stored in cell incubators maintained
at 37 °C and a 5% CO2 concentration. SKOV3-phrGFP-MUC16c114 (SKOV-3), a human epithelial
ovarian carcinoma cell line (ATCC, Manassas, VA) transfected with MUC16 was cultured in RPMI
McCoy's 5A Medium, modified to contain 1.5 mM L-glutamine, were all grown with 100 units/mL
penicillin G and 100 µg/mL streptomycin and 10% fetal bovine serum and 800 µg/mL of G418.
The SKOV-3 cell line was subcultivated once per week using 0.25% trypsin/0.53 mM EDTA in
Hank’s Buffered Salt Solution without calcium and magnesium and passaged 1:5 for standard cell
line passaging.

Xenograft Mouse Models
Eight to ten week old athymic nu/nu female mice were purchased from Charles River
Laboratories (Kingston, NY). Animals were housed in ventilated cages, were given food and water
ad libitum, and were allowed to acclimatize for approximately 1 week prior to inoculation. SKOV3phrGFP-MUC16c114 (SKOV-3) tumors were induced on the right shoulder by a subcutaneous
injection of 5.0 × 106 cells in a 150 µL cell suspension of a 1:1 mixture of fresh media/BD Matrigel
(BD Biosciences, Bedford, Ma). Experiments were performed approximately 2-3 weeks following
the injection of the cancer cells.
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Antibody Bioconjugation
Antibodies were obtained in PBS at an average concentration of 2-3 mg/mL. The antibodies
were concentrated using centrifugal filter units with a 50,000 molecular weight cutoff (Amicon Ultra
4 Centrifugal Filtration Units, Millipore Corp., Billerica, MA) to a final concentration of 12-15
mg/mL. After concentrating, the antibodies were pH adjusted to 8.5-9.0 with 0.1 M Na2CO3 before
the addition of 10 equivalents of p-SCN-Bn-DFO (Macrocyclics, Inc. Dallas, TX) dissolved in
DMSO. The reaction was incubated at 37 degrees Celsius for 1 h constantly shaking at 500 rpm. The
antibodies were purified using centrifugal filter units with a 50,000 molecular weight cutoff (Amicon
Ultra 4 Centrifugal Filtration Units, Millipore Corp., Billerica, MA) to purify the ligand-antibody
conjugate. The final bioconjugates were aliquoted and stored in PBS pH 7.4 at -80 degrees Celsius.

89

Zr Radiolabeling
89

Zr was received after target processing as 89Zr-oxalate in 1.0 M oxalic acid. The solution

was neutralized with 1.0 M sodium carbonate to reach pH ~7. DFO-antibodies were incubated
together with neutralized 89Zr labeled in PBS pH 7.4 at 37 degrees Celsius for 60 minutes. The
progress of the reactions was monitored via radio-ITLC with silica-gel impregnated glass-microfiber
paper strips (iTLC-SG, Varian, Lake Forest, CA) (analyzed by AR-2000, Bioscan Inc., Washington,
DC). using 50 mM EDTA at pH 5 as the mobile phase. 89Zr-DFO-antibody complexes remained at
the origin, while free 89Zr was taken up by EDTA in the mobile phase and migrated along solvent
front. Crude radiochemical yields were calculated using the radio-ITLC data. 89Zr labeled antibodies
were then purified using size-exclusion chromatography (PD10), followed by centrifugal filtration to
concentrate the final volume for formulation. The radiochemical purity of the final purified
radiolabeled antibodies was confirmed to be >99% by radio-ITLC before use.
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Serum Stability
Aliquots of each 89Zr-antibody complex (100 µL) were incubated with 900 µL of human
serum and agitated constantly on a thermomixer at 37 degrees Celsius. Samples were taken from
each microcentrifuge tube and analyzed using radio-ITLC at day 0, 1, 3, 5, and 7 in triplicate. The
stability of the complexes was measured as the percentage of 89Zr that was retained at the origin of
the radio-ITLC strip and reported as % intact.

Immunoreactivity
The immunoreactive fraction of the
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Zr-DFO-antibodies was determined using a cell

binding assay following procedures derived from Lindmo et al

(79)

. To this end, SKOV-3 cells were

suspended in microcentrifuge tubes at concentrations ranging from 5.0 x 105 – 5.0 x 106 cells/mL in
500 µL PBS, 1% BSA (pH 7.4). Aliquots of 89Zr-DFO-antibody (50 µL of 1 µCi/mL stock were
added to each tube to a final volume of 550 µL. The samples were incubated on a thermomixer for
60 min at 37 degrees Celsius. The treated cells were then pelleted via centrifugation (1400 RPM for 4
min), aspirated supernatant, and washed three times with cold PBS before removing the supernatant
and counting the cell-associated radioactivity. The activity data were background-corrected and
compared with the total number of counts in appropriate control samples. Immunoreactive
fractions were determined by linear regression analysis of a plot of (total/bound) activity against
(1/[normalized cell concentration]).

Internalization Assay
Internalization of each 89Zr-mAb was investigated on SKOV-3 cells. Approximately 1 × 105
cells were seeded in a 12-well plate and incubated overnight. A volume of 2 mL of radiolabeled
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protein (1µCi/mL) was added to each well. The plates were incubated at 37 and 4 °C for 1−24 h.
Following each incubation period, the medium was collected and the cells were rinsed with 1 mL of
phosphate buffered saline (PBS) twice. Surface-bound activity was collected by washing the cells in 1
mL of 100 mM acetic acid + 100 mM glycine (1:1, pH 3.5). The adherent cells were then lysed with
1 mL of 1 M NaOH. Each wash was collected and counted for activity. The percent internalized
activity was calculated as the ratio of the activity of the lysate and the total activity from the medium,
PBS, acid, and base washes.

PET Imaging
PET imaging experiments were conducted on an Inveon PET/CT scanner (Siemens
Healthcare Global). Female, athymic nude mice with SKOV-3 xenografts on their right shoulders
were administered 89Zr-antibody (168-194 µCi in 150 µL of PBS) via intravenous tail vein injection.
Animals were anesthetized by inhalation of 2% isoflurane (Baxter Healthcare, Deerfield, IL) and
medical air gas mixture and placed within the scanner with anesthesia maintained using 2%
isoflurane and medical air gas mixture. PET data for each mouse were recorded via static scans at
24, 48, 72, and 96 hours post-injection. An energy window of 350-700 keV and a coincidence timing
window of 6 ns were used. Data were sorted into 2D histograms by Fourier rebinning, and
transverse images were reconstructed by filtered back-projection (FBP) into a 128 × 128 × 63 (0.72
× 0.72 × 1.3 mm3) matrix. The counting rates in the reconstructed images were converted to activity
concentrations (percentage injected dose per gram of tissue, %ID/g) by use of a system calibration
factor derived from the imaging of a mouse-sized water-equivalent phantom containing 89Zr. Images
were analyzed using ASIPro VM software (Concorde Microsystems).
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Biodistribution
Biodistribution studies were performed using the

89

Zr-antibodies SKOV3 tumor-bearing

female, athymic nude mice. Animals were administered (21-29 µCi) of each of the 89Zr-antibodies in
150 µL PBS) via intravenous tail vein injection. For blocking groups, animals were co-injected with
50-fold excess of cold antibody. Animals (n = 4 per group) were euthanized by CO2 asphyxiation at
96 hours post-injection. Following euthanasia, 17 organs (blood, tumor, heart, lungs, liver, spleen,
stomach, large bowel, small bowel, pancreas, ovary, kidney, bone, muscle, lymph, skin, tail) were
collected, weighed, and assayed for radioactivity on a gamma counter calibrated for 89Zr. Counts
were converted into activity using a calibration curve generated from known standards. Count data
were background and decay corrected to the time of injection, and the percent injected dose per
gram (%ID/g) for each tissue sample was calculated by normalization to the total activity injected.
The data depicted in this study are expressed as averages ± standard deviation. Statistical differences
were analyzed by unpaired, two-tailed, student’s t-test using GraphPad Prism 7 software. P-values
<0.05 were considered statistically significant and indicated by an asterisk.
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CHAPTER 3: Differential Biodistribution of L1CAM Targeted
Antibodies Based on Fc Region Modifications and
Radioimmunotherapy Application

Introduction
As our group has seen with many radiolabeled antibodies in the past, there can be,
depending on the targeted antigen and tumor model, retention and accumulation of the tracer within
lymph nodes. This is especially true for antigens that are secreted from the cell of origin into the
serum and immune complexes are drained through the lymphatic system. A recent study published
by Sharma et al. explored this phenomenon within the context of epithelial ovarian cancer with a
89

Zr-radiolabeled antibody targeting MUC16 using an OVCAR3 xenograft model. They concluded

that the lymph node uptake observed was, in fact, a true signal as the presence of neoplastic cells,
metastasis from the implanted subcutaneous xenograft, was confirmed on ex vivo histology(80). In our
experience, however, the lymph node uptake that we previously observed post-tracer injection using
a SKOV-3 subcutaneous xenograft model was a false positive signal as ex vivo histology confirmed
the absence of neoplastic cells from the lymph nodes that were collected (Figure 2.6). To that end,
we hypothesize that the lymph node tracer uptake that we observed is due to: (1) local
expression of the antigen within the lymph nodes and/or (2) binding of the Fc region of the
antibodies to Fc receptors within the lymph nodes.
Molecular Target: L1CAM
In order to examine this hypothesis and to determine if this phenomenon is tracer-specific,
we developed a panel of humanized antibodies targeting a different antigen, L1 cell adhesion
molecule (L1CAM). L1-cell adhesion molecule (L1CAM) is a 200-220 kDa cell surface glycoprotein
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of the immunoglobulin superfamily critical for normal development of the central nervous system.
It is overexpressed in human malignancies including neuroblastoma, epithelial ovarian carcinoma,
melanoma, renal carcinoma, and gastrointestinal cancer. L1CAM has also been implicated in a
variety of cancer processes including tumor progression and metastasis(81-84). In addition,
overexpression of L1CAM has been shown to be associated with a poorer outcome in ovarian
cancer patients(85). Similar to MUC16, it has also been shown that L1CAM is cleaved and released
into the serum and ascites of patients with ovarian epithelial carcinoma(86).
The overall goal of these studies is to shed light on the previously observed lymph
node uptake by evaluating the effect of modifications within in the Fc region of humanized
antibodies on their in vivo biodistribution. Molecular imaging techniques most certainly provide
us with a non-invasive approach to visualize these antibodies in vivo and enable us to gain insight into
the underlying biology of the Fc region of antibodies.
IgG and Fc Region Biology
In humans, there are four subclasses of IgG antibodies (IgG1, IgG2, IgG3, and IgG4),
which can be broken down into further subtypes. In addition, there are several types of Fc receptors,
with those that bind IgG antibodies classified as Fc gamma receptors. The Fc gamma receptors can
be further subdivided into classes that are differentially expressed on immune cells with Fc gamma
receptor I having the highest affinity for IgG antibodies(87). IgG1 antibodies are the most abundant
in humans and have the highest affinity for activating Fc gamma receptors(88). In addition, the sugar
moieties, or glycosylation state, of IgGs play a large role in the binding to Fc gamma receptors.
Specifically, for IgG1 antibodies, the sugar moieties attached to the N297 residue on the constant
region interact with and alter Fc binding characteristics of the antibody(89). The complex sugar
moieties attached to this residue include mannose and N-acetylglucosamine (GlcNac) along with
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other branching sugars including fucose, galactose, and sialic acid and alteration of this glycosylation
site can dramatically affect binding(90,91). IgG antibodies with an entire deletion of these sugars
demonstrate significantly reduced Fc gamma receptor binding. On the other hand, removal of
fucose residues from the glycosylation site greatly increases the affinity of the IgG for the Fc gamma
receptor(90). While IgG1 antibodies have the highest affinity for Fc gamma receptor, IgG4
antibodies, which represent the least abundant IgG in humans, have a significantly lower affinity for
the Fc gamma receptor and is generally viewed as an anti-inflammatory IgG that dampens immune
responses as a regulatory mechanism. This is thought to be due, in part, to the intrinsic property of
IgG4 antibodies known as dynamic fab arm exchange(92).
IgG Structure
All the subclasses of IgG antibodies are composed of two heavy-light chain pairs that are
bound together by disulfide bonds made by cysteine residues on the heavy chain located in the hinge
region of the antibody. This hinge region is variable in length, along with the number of disulfide
bonds, depending on the subclass of the IgG. These characteristics influence the flexibility of the
hinge region and play a role in the binding affinities to the Fc gamma receptor(93). With IgG4
antibodies, the two half-molecules (heavy-light chain pair) are able to disassociate with one another
at the hinge region and recombine spontaneously with other half-molecules to form bispecific,
monovalent antibodies in vitro an in vivo

(54,94)

. This dynamic Fab arm exchange property can be

disabled in IgG4 antibodies by the introduction of a serine to proline mutation (S228P) within the
hinge region of the antibody(95). It is important to note that the experiments performed in this study
utilize humanized antibodies in mice expressing mouse Fc gamma receptors. Although the Fc
gamma receptors in man and mouse are only 60-70% homologous, recent studies have shown that
human IgGs bind to the orthologous mouse Fc gamma receptors with very similar affinities
suggesting similar biological activities(96,97).
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L1CAM Antibody Modifications
In order to investigate the effects of the Fc region on the in vivo biodistribution of
radioimmunoconjugates, we have developed a panel of humanized IgG1 and IgG4 antibodies, all of
which have the exact same antigen binding site, but have modifications in the Fc region, and thus,
alterations in their affinity for the Fc gamma receptors (Figure 3.1). HuE71-1 MAGE is an IgG1
antibody against L1CAM with glycans lacking α-1,6-fucose that was produced in CHO cells that
were deficient in

in

the enzyme,

UDP-N-acetylglucosamine:

α-3-d-mannoside-β-1,2-N-

acetylglucosaminyltransferase I (GnT1), effectively enhancing the Fc region(98). HuE71-1 WT is the
wildtype variant of this antibody produced in wildtype CHO cells while HuE71-1 Aglyco is the
aglycosylated variant that contains a N297A mutation diminishing its Fc gamma receptor binding.
HuE71-4 WT is the IgG4 variant of this antibody while HuE71-4 Mutant contains a S228P
mutation preventing dynamic fab arm exchange from occurring. Finally, HuCtrl-4 is an IgG4
wildtype antibody targeting GD2, a non-specific antigen in the animal model used for this study.
Results and Discussion
Conjugation and Radiolabeling
For the conjugation of the antibodies to functionalized isothiocyanate desferrioxamine
chelator (p-SCN-Bn-DFO), a concentrated solution of each antibody dissolved in PBS was pH
adjusted to 8.5-9 and incubated with the chelator dissolved in DMSO at a 10:1 molar excess for 1
hour at 37 degrees Celsius.
Following spin filter purification of the antibodies (Amicon Ultra 50 kDa), aliquots were
frozen and samples of the starting material (unconjugated antibody) and the conjugated antibodies
were evaluated using matrix-assisted laser desorption/ionization time of flight mass spectrometry
(MALDI-ToF MS) to determine the chelate number for each antibody. Because we decided to use a
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Figure 3.1. Table of L1CAM targeted humanized antibodies outlining characteristics.
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non-specific conjugation method, it is entirely possible for DFO moieties to form multiple thiourea
linkages on lysine residues distributed randomly on the antibodies. MALDI-ToF MS analysis of the
pre-conjugated and post-conjugated antibodies revealed values of 2.38 chelates per 89Zr-HuE71-1
MAGE, 1.41 chelates per 89Zr-HuE71-1 WT, 1.07 chelates per 89Zr-HuE71-1 Aglyco, 1.30 chelates
per 89Zr-HuE71-4 WT, 0.63 chelates per 89Zr-HuE71-4 Mutant, and 1.12 chelates per 89Zr-HuCtrl-4
WT (Figures A.3.1-A.3.7). Needless to say, these values represent average number of chelates per
antibody molecule and not absolute values. Of course, it is impossible to have 1.41 DFO molecules
attached to 89Zr-HuE71-1 WT so this number indicates that each antibody molecule has 1 or 2
chelators bound. Each of the antibodies was then radiolabeled with 89Zr in PBS for 60 minutes at 37
degrees Celsius.
Radiochemical yields and specific activities were calculated using instant thin layer
chromatography (ITLC) with a mobile phase of EDTA (ph 5.0, 50 mM) where the free

89

Zr

migrates with the solvent front and the chelated 89Zr remains at the baseline. Radiochemical yields
for all of the antibodies were greater than 95% and the radiochemical purities for all of the
antibodies were greater than 99% following size exclusion chromatography purification (PD-10
column). Specific activities for all of the antibodies (excluding 89Zr-HuE71-4 Mutant) were between
6.18-6.89 µCi/µg post-radiolabeling. Despite many attempts at optimizing the radiolabeling of 89ZrHuE71-4 Mutant, we were unable to achieve a specific activity above 2.14 µCi/µg. This finding
makes sense when considered with the MALDI-ToF MS data which indicates 89Zr-HuE71-4 Mutant
has the lowest average chelate number of 0.63. Further investigation could be pursued to evaluate
the effect of the S228P mutation on the DFO bioconjugation reaction. Considering the serine has a
polar side chain and proline has a non-polar, cyclic side chain, one possible hypothesis is the S228P
in the hinge region alters the conformation of the antibody to the extent that fewer lysine residues
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Figure 3.2. Immunoreactivity of 89Zr-radiolabeled L1CAM antibodies
The radioimmunoconjugates were functionally characterized for binding to antigen-expressing cells
(SKOV-3) and the determination of the immunoreactive fraction via Lindmo assays (79). Aliquots of
each radioimmunoconjugate, 50 µL of 1 µCi/mL stock were added to tubes containing 5.0 x 105 –
5.0 x 106 cells/mL (in triplicate) in 500 µL PBS, 1% BSA (pH 7.4 to a final volume of 550 µL). Cell
bound activity was counted and data graphed on double-reciprocal plot. Immunoreactive fractions
are presented as mean percentages of triplicate samples ± SEM.
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are available to react with the functionalized DFO (99).
In Vitro Characterization
In order to assess the radiochemical stability of the tracers, a serum stability challenge was
performed. A small aliquot (100 µL) of each radioimmunoconjugate was incubated in human serum
(900 µL) at 37 degrees through seven days. Samples were taken on days 0, 1, 3, 5 and 7 and
evaluated via radio instant thin layer chromatography to determine the percentage of activity
remaining bound to the antibody. The study revealed that all of the tracers were stable throughout
seven days with values of 97.3 ± 0.8% for 89Zr-HuE71-1 MAGE, 97.7 ± 0.7% for 89Zr-HuE71-1
WT, 96.6 ± 0.8% for 89Zr-HuE71-1 Aglyco, 96.9 ± 0.3% for 89Zr-HuE71-4 WT, 97.5 ± 0.3% for
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Zr-HuE71-4 Mutant, and 96.7 ± 1.1% for 89Zr-HuCtrl-4 WT (Figure A.3.8). These values, all

above 95% intact through seven days are in line with what was expected for a

89

Zr-DFO

radiolabeled antibody.
To determine the extent to which these antibodies were able to bind the target postradiolabeling, immunoreactivity assays were performed. Briefly, the

89

Zr-labeled antibodies were

incubated with increasing concentrations of target positive ovarian cancer cells (SKOV3) and,
following washes, the cell bound activity was counted and used to calculate the immunoreactive
fraction. These experiments yielded immunoreactivities greater than 85% for all the antibodies,
specifically, 89.5 ± 1.5 % for 89Zr-HuE71-1 MAGE, 93.1 ± 2.2 % for 89Zr-HuE71-1 WT, 85.8 ± 2.9
% for 89Zr-HuE71-1 Aglyco, 86.7 ± 1.9 % for 89Zr-HuE71-4 WT and 88.6 ± 2.8 % for 89Zr-HuE714 Mutant (Figure 3.2). We were pleased to observe that all of the radioimmunoconjugates had high
immunoreactive fractions as it would complicate our analysis of imaging and biodistribution data if
there were significant differences between the tracers in terms of antigen binding. With the
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Figure 3.3. Serial PET imaging of 89Zr-HuE71-1 MAGE
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing high tumor and
lymph node (yellow arrow) activity concentration. Representative coronal and maximal intensity
projection (MIP) PET images of 89Zr-HuE71-1 MAGE (192-197 µCi in 150 µL of PBS injected via
tail vein) in athymic nude mice bearing subcutaneous SKOV-3 tumors xenografted on the right
shoulder (white arrow). Coronal planar images intersect the middle of the tumor.
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Figure 3.4. Serial PET imaging of 89Zr-HuE71-1 WT
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing high tumor,
liver and lymph node (yellow arrow) activity concentration. Representative coronal and maximal
intensity projection (MIP) PET images of 89Zr-HuE71-1 WT (194-201 µCi in 150 µL of PBS
injected via tail vein) in athymic nude mice bearing subcutaneous SKOV-3 tumors xenografted on
the right shoulder (white arrow). Coronal planar images intersect the middle of the tumor.
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immunoreactivities of all of the tracers within range of each other, we can make the assumption that
any differences that we observe in the pattern of imaging and biodistribution of the
radioimmunoconjugates are not due to differences in the binding ability of the to the target antigen
(L1CAM).
Serial PET Imaging
To investigate how the modifications to the Fc region of the antibodies would alter the
biodistribution pattern of these radioimmunoconjugates, we performed serial PET imaging studies
on female nude athymic mice bearing subcutaneous SKOV3 tumors on the right shoulder. The
radiolabeled immunoconjugates were injected via the tail vein and PET images were acquired at 4
time points post-injection (24, 48, 72 and 96h). Presented in all of the imaging figures are coronal
slices of the mice through the tumor tissue (all scaled from 0 to 30 % injected dose per gram) and
maximal intensity projections (MIP) representing the total body image.
For

89

Zr-HuE71-1 MAGE (Figure 3.3), we observed at 24 hours post-injection high

radioactivity concentration of the tracer in the tumor tissue (white arrow) with minimal radioactivity
in the non-targeted organs. The tracer cleared rapidly from the blood pool as no heart or large blood
vessels can be seen. Interestingly, four bilateral structures within the upper portion of the animal
(yellow arrow) appeared to have high radioactive concentration as well. These PET-positive tissues
were harvested and identified them as the submandibular and axillary lymph nodes. Further, the
lymph node uptake with 89Zr-HuE71-1 MAGE persisted up to 96 hours post-injection of the
radiotracer. PET images of SKOV-3 xenografts injected with 89Zr-HuE71-1 WT revealed high tracer
uptake within the tumor tissue at 24 hours which continued to accumulate up to 96 hours (Figure
3.4). There was high liver radioactivity concentration that was quite intense at 24 hours then
gradually washes out slightly through 96 hours. Once again, the four lymph nodes in the upper
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Figure 3.5. Serial PET imaging of 89Zr-HuE71-1 Aglyco
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing high tumor and
very low background activity concentration. Representative coronal and maximal intensity projection
(MIP) PET images of 89Zr-HuE71-1 Aglyco (207-214 µCi in 150 uL of PBS injected via tail vein) in
athymic nude mice bearing subcutaneous SKOV-3 tumors xenografted on the right shoulder (white
arrow). Coronal planar images intersect the middle of the tumor.
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Figure 3.6. Serial PET imaging of 89Zr-HuE71-4 WT
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing high tumor and
kidney (yellow arrow) activity concentration. Representative coronal and maximal intensity
projection (MIP) PET images of 89Zr-HuE71-4 WT (198-204 µCi in 150 uL of PBS injected via tail
vein) in athymic nude mice bearing subcutaneous SKOV-3 tumors xenografted on the right
shoulder (white arrow). Coronal planar images intersect the middle of the tumor.
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portion of the mouse were illuminated on PET at 24 hours, as well as the lower lymph nodes, but
they appeared to fade slightly through 96 hours.
In the

89

Zr-HuE71-1 Aglyco (Figure 3.5) images, we observed high radioactivity

concentration of the tracer within the tumor tissue at 24 hours which continued to accumulate up to
96 hours. Blood pool activity with this tracer was quite high and clearly visible at 24 hours in the
heart, descending aorta, and right and left common carotid arteries but this activity cleared out
rapidly by 72 hours post-injection. Based on the PET imaging data, of the IgG1 radiolabeled
antibodies, 89Zr-HuE71-1 Aglyco has the cleanest biodistribution profile, in that, by from 24 hours
post-injection to 96 hours, the tumor tissue had the highest radioactivity concentration with the
least amount of non-targeted tissue activity.
For 89Zr-HuE71-4 WT (Figure 3.6), the majority of the activity was within the tumor tissue
at 24 hours and in the maximal intensity projections, blood pool activity acould be visualized quite
clearly. Two bilateral structures in the middle of the animal (yellow arrow) could also be seen and
these have been confirmed to be kidneys. The high activity within the tumor tissue persisted up to
96 hours post-injection, as well as the kidney activity.
In images of 89Zr-HuE71-4 Mutant (Figure 3.7), we observed slight tumor uptake at 24
hours that continued to gradually accumulate over a period of time up to 96 hours. Once again,
there was blood pool activity that, in this case, appeared to decrease throughout 96 hours, but not
completely. Most notable, however, is the absence of kidney uptake with 89Zr-HuE71-4 Mutant that
was clearly observed with 89Zr-HuE71-4 WT.
The final tracer imaged in this study was a non-specific control antibody, 89Zr-HuCtrl-4 WT
(Figure 3.8). At all time points the activity within the tumor tissue was very minimal, consistent with
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Figure 3.7. Serial PET imaging of 89Zr-HuE71-4 Mutant
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing high tumor and
background tissue activity while kidney activity appeared minimal. Representative coronal and
maximal intensity projection (MIP) PET images of 89Zr-HuE71-4 Mutant (206-212 µCi in 150 µL of
PBS injected via tail vein) in athymic nude mice bearing subcutaneous SKOV-3 tumors xenografted
on the right shoulder (white arrow). Coronal planar images intersect the middle of the tumor.
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Figure 3.8. Serial PET imaging of 89Zr-HuCtrl-4 WT
Small-animal PET imaging in a subcutaneous ovarian cancer tumor model revealing low tumor but
high kidney (yellow arrow) activity. Representative coronal and maximal intensity projection (MIP)
PET images of 89Zr-HuCtrl-4 WT (200-211 µCi in 150 µL of PBS injected via tail vein) in athymic
nude mice bearing subcutaneous SKOV-3 tumors xenografted on the right shoulder (white arrow).
Coronal planar images intersect the middle of the tumor.
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the fact that the target of the antibody, GD2, was not highly expressed by the SKOV-3 cell line.
Liver activity could be seen through all of the time points as well as intense kidney activity.
The results of this study are both intriguing and informative. To reiterate, besides the control
antibody (89Zr-HuCtrl-4 WT), all of the other tracers had the exact same antigen binding site
targeting L1CAM. The only differences between the five L1CAM tracers lies within the Fc region
and those differences clearly have a large impact on the biodistribution in vivo. The antibody variants
that are known to have less Fc receptor binding (89Zr-HuE71-1 Aglyco, 89Zr-HuE71-4 WT, 89ZrHuE71-4 Mutant) all are absent of lymph node uptake according to the PET images. Conversely,
the antibodies that are known to have normal or enhanced Fc gamma receptor binding (89ZrHuE71-1 WT,

89

Zr-HuE71-1 MAGE) have intense lymph node uptake on PET imaging.

Considering the fact that the antigen binding regions of all of the L1Cam tracers were the same, but
the lymph node uptake was differential, we are able to rule out the hypothesis that local expression
of the antigen plays a role in lymph node uptake. Further, we measured the binding of the L1CAM
radioimmunoconjugates

in

immunoreactivity

assays,

which

yielded

greater

than

85%

immunoreactive fractions so we are able to rule out differences in antigen binding as a cause for the
differential uptake.
Focusing in on the IgG4 tracers, we came across an interesting finding—high kidney uptake
in the wildtype variant. Even more interesting is the fact that a simple S228P mutation in this tracer
was able to reduce the kidney uptake to the point where it could not be visualized on PET at any
time point. IgG4 antibodies, as described earlier, undergo dynamic fab arm exchange and are
capable of spontaneously breaking apart at the hinge region (to form a ~75 kDa construct) and then
recombine with other half molecules. We hypothesize that the kidney uptake seen in the wild type
IgG4 may be secondary to the dynamic fab arm exchange property because the S228P mutation
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prevents this renal accumulation from occurring, as seen on PET. We believe that the 75 kDa half
antibody undergoes further reduction into 25 and 50 kDa fragments allowing them to pass through
the glomeruli within the kidneys. In support of this finding, the non-specific 89Zr-HuCtrl-4 WT
antibody, an IgG4, exhibits high accumulation within the renal tissue as well, strengthening this
IgG4-renal uptake hypothesis. These observations most certainly warrant further investigation.
Ex Vivo Biodistribution
To confirm the PET imaging results and to verify specificity of the tracers, ex vivo
biodistribution studies were performed (Figure 3.9, 3.10, A.3.9, A.3.10). The radiolabeled
immunoconjugates were injected via tail vein into female athymic nude mice bearing SKOV3 tumors
and various tissues were collected at 96 hours post-injection, analyzed on a gamma counted, and
weight normalized. The results of these studies matched the trends that were revealed by the PET
imaging experiments with the antibodies that are known to have normal or enhanced Fc gamma
receptor binding (89Zr-HuE71-1 WT, 89Zr-HuE71-1 MAGE) having high lymph node uptake (16.85
± 1.39 %ID/gram, 17.16 ± 0.41 %ID/gram). Conversely, the aglycosylated variant of the antibody,
89

Zr-HuE71-1 Aglyco, demonstrated a basal level of lymph node uptake of 5.59 ± 0.49 %ID/gram.
These values obtained via ex vivo biodistribution correlate well with the imaging data and

further corroborate the hypothesis that increased lymph node uptake is due to binding of the Fc
region of the antibody as opposed to the variable region. For the IgG4 antibodies, 89Zr-HuE71-4
WT displayed lymph node uptake of 3.98 ± 0.969 %ID/gram while 89Zr-HuE71-4 Mutant was 3.70
± 0.975 %ID/gram. No significant difference was seen with these two antibodies within the lymph
nodes, but for the kidneys, that is not the case. 89Zr-HuE71-4 WT accumulated in the kidneys with a
value of 12.06 ± 1.23 %ID/gram while 89Zr-HuE71-4 Mutant was significantly lower at 5.83 ± 0.537
%ID/gram. These data recapitulate what was observed in the PET imaging data and further imply
70

Figure 3.9 Ex vivo biodistribution of IgG1 antibodies 96h post-injection of tracer.
Acute biodistribution of radioimmunoconjugates in SKOV-3 tumor-bearing mice. Biodistribution
data from athymic nude mice (n = 4 per group) following the administration of IgG1
radioimmunoconjugates via tail vein injection (17-24 µCi, 3–6 µg). A 50-fold excess was co-injected
for the blocking groups. %ID/g values listed in Figure A.3.9. Asterisk indicates P < 0.05.
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Figure 3.10 Ex vivo biodistribution of IgG4 antibodies 96h post-injection of tracer.
Acute biodistribution of radioimmunoconjugates in SKOV-3 tumor-bearing mice. Biodistribution
data from athymic nude mice (n = 4 per group) following the administration of IgG4
radioimmunoconjugates via tail vein injection (21-26 µCi, 3–6 µg). A 50-fold excess was co-injected
for the blocking groups. %ID/g values listed in Figure A.3.10. Asterisk indicates P < 0.05.
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that the IgG4 property of dynamic fab arm exchange plays a role in the renal uptake of the tracers.
To evaluate the specificity of these tracers for the target, blocking groups were included in
the ex vivo biodistribution studies. Fifty-fold excess of the cold tracer was co-injected with the
radiolabeled tracer via the tail vein. In principle, the addition of the cold tracer would dramatically
reduce the specific activity of the hot tracer and if specific, a significant decrease in uptake of the hot
tracer would be appreciated. This is, in fact, what was observed for all five of the L1CAM targeted
antibodies. Tumor tissue uptake values were reduced from 16.15 ± 0.85 %ID/gram to 5.87 ± 0.76
%ID/gram for 89Zr-HuE71-1 MAGE, 19.67 ± 1.23 %ID/gram to 6.82 ± 0.809 %ID/gram for 89ZrHuE71-1 WT, 32.02 ± 2.99 %ID/gram to 10.58 ± 1.52 %ID/gram for 89Zr-HuE71-1 Aglyco, 27.29
± 1.55 %ID/gram to 10.65 ± 0.472 %ID/gram for 89Zr-HuE71-4 WT, and 16.90 ± 1.21 %ID/gram
to 9.04 ± 1.42 %ID/gram for 89Zr-HuE71-4 Mutant. For 89Zr-HuCtrl-4 WT, a non-specific antibody
in this model, the tumor uptake was quite low at 6.02 ± 0.90 % ID/gram. This uptake in the tumor
tissue can be attributed to the enhanced permeability and retention (EPR) effect (100).
Ex Vivo Histology
In order to determine whether the lymph node uptake that was seen in the PET imaging
studies with the IgG1 tracers actually indicated metastatic disease, the lymph nodes and tumors were
collected and analyzed histologically by the Laboratory of Comparative Pathology (Figure 3.11).
Hematoxylin and eosin staining of the tumor tissue confirmed the mass to be anaplastic carcinoma.
The tumor tissue is described as well demarcated, unencapsulated, densely cellular nodular
neoplastic mass which consists of tightly packed lobules and nests of neoplastic epithelial cells
supported by fine fibrovascular septa. Neoplastic cells are polygonal to spindloid, have variably
distinct cell borders, abundant amounts of eosinophilic cytoplasm occasionally vacuolated, and
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Figure 3.11. Ex vivo histological analysis of tumor and lymph node tissue.
Tumor and lymph node tissue of mice injected with specified radioimmunoconjugate were collected,
embedded in parafin and subjected to routine H&E staining and analysis.
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round nuclei with finely granular to vesicular chromatin and 1-2 evident magenta nucleoli. There is
severe anisocytosis and anisokaryosis. Mitoses average 4-6 per single high power field (40x). There
are multifocal areas of coagulative necrosis. Hematoxylin and eosin staining of the right and left
axillary lymph nodes and mesenteric lymph nodes revealed histiocytosis and plasmacytosis, a
common manifestation of drainage reaction, within the medullary sinuses and most importantly, no
evidence of neoplastic cells.

177

Lu Radioimmunotherapy Study
From the previous imaging and ex vivo biodistribution studies, it is clear that 89Zr-HuE71-1

Aglyco is the best candidate for a radioimmunotherapy application because of its high tumor activity
concentration of 32.02 ± 2.99 %ID/gram at 96 hours post-injection along with its low background
tissue uptake (especially kidneys and blood). We chose to label the antibody with the metallic
radionuclide 177Lu because of its radiochemical properties (half-life, 6.7 days; mean range, 0.2 mm;
%ß = 100) and widespread use to label antibodies and peptides for imaging and
radioimmunotherapy studies in animals and humans

(101-103)

. The HuE71-1 Aglyco antibody was

conjugated to DOTA, labeled with 177Lu to a specific activity of 3.94 mCi/mg (radiochemical purity
> 99%) and subjected to imaging studies and an ex vivo biodistribution study in athymic nude female
mice bearing SKOV-3 subcutaneous tumors (Figure A.3.11). The studies confirmed a similar
biodistribution profile as observed with the 89Zr-HuE71-1 Aglyco with the majority of the activity
localizing to the tumor tissue as seen in the SPECT/CT image and Cerenkov image, and confirmed
by ex vivo biodistribution 168 hours post-injection.
With these promising data in hand, we evaluated the efficacy of the novel

177

Lu-HuE71-1

Aglyco as a radioimmunotherapeutic agent at 3 doses (800 µCi, 800 µCi fractionated [2 doses,
staggered 14 days], and 400 µCi) and compared with the cold antibody, 800 µCi non-specific
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antibody control, and saline in the same animal model (n=8-9 per group) (Figure 3.12). Following
the average tumor volume through 80 days (60 days post initial treatment), significant differential
responses were observed between the control groups and the radiolabeled treatment groups.
Notably, none of the groups displayed signs of tumor regression beyond the starting volume. The
three

177

Lu-HuE71-1 Aglyco groups showed significant growth-delay effects through 80 days post-

inoculation. Interestingly however, there was no significant difference within the

177

Lu-HuE71-1

Aglyco groups in terms of tumor volume during the later time points of the study with the average
tumor volumes for these groups being equivalent within error on Day 80. In addition, signs of
toxicity (weight loss > 80% and petechiae) were observed in 4/8 of the mice in the highest
treatment group (800 µCi,

177

Lu-HuE71-1 Aglyco) within the first 2 weeks following treatment.

More interestingly, this was not observed in any of the mice injected with 800 µCi of the nonspecific control antibody. This observation is most likely due to the difference in
clearance/elimination of the tracers. Further investigation into this possibility is necessary to
confirm. These data together suggest that a single dose of 400 µCi

177

Lu-HuE71-1 Aglyco is

sufficient to delay tumor growth in this model while avoiding toxicity issues.

Conclusions
In this study, we have been able to show that molecular imaging techniques can be useful
tools for the study and design of antibodies for use in imaging applications and beyond. More
specifically, we have been able to visualize at the whole organism level, how deliberate Fc
engineering strategies can impact the biodistribution of antibodies in vivo.
By developing a panel of antibodies that were identical in terms of the antigen binding
region, and only modifying the Fc region, we have been able to answer our question regarding high
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Figure 3.12. Lu-HuE71-1 Aglyco radioimmunotherapy average tumor volumes.
Plot of the average tumor volume for each cohort of mice during the first 80 days of the PRIT study
are shown with error bars denoting standard deviation. Black arrow indicates first injection of the
specified treatment and orange arrow indicates second dose of 177Lu-HuE71-1 Aglyco in the
fractionated dose group. Tumor volumes were acquired using hand-held TM900 scanner (Peira,
Brussels, BE). After initial tumor measurements, mice were randomized into groups (n = 8-9 per
group), ensuring all cohorts had approximately equal average tumor volumes to start.
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lymph node uptake of radiolabeled antibodies in the absence of metastatic nodes. We originally
hypothesized that this occurrence could be due to either local expression of the antigen or binding
of the Fc region of the antibodies to the Fc gamma receptors expressed on the immune cells within
the lymph nodes.
Since the normal and enhanced Fc gamma receptor binding antibodies (89Zr-HuE71-1
MAGE and 89Zr-HuE71-1 WT) exhibited statistically significantly higher lymph node uptake as
compared to the low Fc gamma receptor binding antibodies (89Zr-HuE71-1 Aglyco, 89Zr-HuE71-4
WT, 89Zr-HuE71-4 Mutant), we can conclude that the high lymph node uptake observed is due to
Fc binding, and not local expression of L1CAM.
Furthermore, in terms of the IgG4 antibodies, we have shown a statistically significant
difference in the high renal uptake of 89Zr-HuE71-4 WT and the low renal uptake of 89Zr-HuE71-4
Mutant (S228P mutation) allowing us to conclude that dynamic fab arm exchange (present in 89ZrHuE71-4 WT, absent in 89Zr-HuE71-4 Mutant) plays a role in the renal accumulation of IgG4
antibodies. This paradigm is supported by the observation of 89Zr-HuCtrl-4 WT also had high renal
accumulation throughout 96 hours post injection implying that this phenomenon may be IgG4
antibodies in general.
More broadly, this study illuminates the fact that molecular imaging is not only for
diagnosing patients with suspected pathology or for monitoring disease. We can also use it as a tool
to explore underlying biology and to enable us to develop and engineer more specific, more targeted,
and thus, more effective constructs for a variety of biomedical applications.
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Materials and Methods
General Laboratory Procedures
Unless otherwise noted, all chemicals were acquired from Sigma-Aldrich (St. Louis, MO) and
used as received and all instruments were calibrated and maintained in accordance with standard
procedures. 89Zr was produced at Memorial Sloan Kettering Cancer Center on a TR19/9 cyclotron
(Ebco Industries Inc.) via the 89Y(p,n)89Zr reaction and purified to yield 89Zr with a specific activity
of 196–496 MBq/mg. Activity measurements were made using a CRC-15R Dose Calibrator
(Capintec). For the quantification of activities, samples were counted on an Automatic Wizard
gamma counter (Perkin Elmer). The radiolabeling of ligands was monitored using instant thin-layer
chromatography paper (Agilent Technologies) and analyzed on a Bioscan AR-2000 radio-ITLC plate
reader using Winscan Radio-TLC software (Bioscan Inc., Washington, DC). All in vivo experiments
were performed according to protocols approved by the Memorial Sloan Kettering Institutional
Animal Care and Use Committee (Protocol 08 07 013).

Cell Culture
T-75 flasks (Corning, Corning NY) containing cells were stored in cell incubators maintained
at 37 °C and a 5% CO2 concentration. SKOV3, a human epithelial ovarian carcinoma cell line
(ATCC, Manassas, VA) was cultured in RPMI McCoy's 5A Medium, modified to contain 1.5 mM Lglutamine, were all grown with 100 units/mL penicillin G and 100

g/mL streptomycin and 10%

fetal bovine serum. The SKOV3 cell line was subcultivated once per week using 0.25% trypsin/0.53
mM EDTA in Hank’s Buffered Salt Solution without calcium and magnesium and passaged 1:5 for
standard cell line passaging.
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Xenograft Mouse Models
Eight to ten week old athymic nu/nu female mice were purchased from Charles River
Laboratories (Kingston, NY). Animals were housed in ventilated cages, were given food and water
ad libitum, and were allowed to acclimatize for approximately 1 week prior to inoculation. SKOV-3
tumors were induced on the right shoulder by a subcutaneous injection of 5.0 × 106 cells in a 150 µL
cell suspension of a 1:1 mixture of fresh media/BD Matrigel (BD Biosciences, Bedford, Ma).
Experiments were performed approximately 2-3 weeks following the injection of the cancer cells.
For tumor volume measurements, all tumors measured using hand-held TM900 scanner (Peira,
Brussels, BE). After initial tumor measurements, mice were randomized into groups (n = 8–9 per
group), ensuring all cohort had approximately equal average tumor volumes to start.

Antibody Bioconjugation
Antibodies were obtained in citrate buffer (25 mM sodium citrate, 150 mM sodium chloride)
at an average concentration of 4-5 mg/mL. The antibodies were concentrated using centrifugal filter
units with a 50,000 molecular weight cutoff (Amicon Ultra 4 Centrifugal Filtration Units, Millipore
Corp., Billerica, MA) to a final concentration of 12-15 mg/mL. After concentrating, the antibodies
were pH adjusted to 8.5-9.0 with 0.1 M Na2CO3 before the addition of 10 equivalents of p-SCN-BnDFO or p-SCN-Bn-DOTA (Macrocyclics, Inc. Dallas, TX) dissolved in DMSO. The reaction was
incubated at 37 degrees Celsius for 1 h constantly shaking at 500 rpm. The antibodies were purified
using centrifugal filter units with a 50,000 molecular weight cutoff (Amicon Ultra 4 Centrifugal
Filtration Units, Millipore Corp., Billerica, MA) to purify the ligand-antibody conjugate. The final
bioconjugates were aliquoted and stored in PBS pH 7.4 at -80 degrees Celsius.
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Radiolabeling
89

Zr was received after target processing as 89Zr-oxalate in 1.0 M oxalic acid. The solution

was neutralized with 1.0 M sodium carbonate to reach pH ~7. DFO-antibodies were incubated
together with neutralized 89Zr labeled in PBS pH 7.4 at 37 degrees Celsius for 60 minutes.

177

LuCl3

was obtained (specific activity: 170 MBq/mg, Perkin Elmer) and diluted in ammonia acetate buffer
(200 mmol/L, pH 5.4) and incubated with DOTA-antibodies at 42 degrees Celsius for 1 hour. The
progress of the reactions was monitored via radio-ITLC with silica-gel impregnated glass-microfiber
paper strips (ITLC-SG, Varian, Lake Forest, CA) (analyzed by AR-2000, Bioscan Inc., Washington,
DC). using 50 mM EDTA at pH 5 as the mobile phase. Antibody complexes remained at the origin,
while free radionuclide was taken up by EDTA in the mobile phase and migrated along solvent
front. Crude radiochemical yields were calculated using the radio-ITLC data. Radiolabeled antibodies
were then purified using size-exclusion chromatography (PD10), followed by centrifugal filtration to
concentrate the final volume for formulation. The radiochemical purity of the final purified
radiolabeled antibodies was confirmed to be >99% by radio-ITLC before use.

Serum Stability
Aliquots of each 89Zr-antibody complex (100 µL) were incubated with 900 µL of human
serum and agitated constantly on a thermomixer at 37 degrees Celsius. Samples were taken from
each microcentrifuge tube and analyzed using radio-ITLC at day 0, 1, 3, 5, and 7 in triplicate. The
stability of the complexes was measured as the percentage of 89Zr that was retained at the origin of
the radio-ITLC strip and reported as % intact.

Immunoreactivity
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The immunoreactive fraction of the

89

Zr-DFO-antibodies was determined using a cell

binding assay following procedures derived from Lindmo et al

(79)

.To this end, SKOV3 cells were

suspended in microcentrifuge tubes at concentrations ranging from 5.0 x 105 – 5.0 x 106 cells/mL in
500 µL PBS, 1% BSA (pH 7.4). Aliquots of 89Zr-DFO-antibody (50 µL of 1 µCi/mL stock were
added to each tube to a final volume of 500

L. The samples were incubated on a thermomixer for

60 min at 37 degrees Celsius. The treated cells were then pelleted via centrifugation (1400 RPM for 4
min), aspirated supernatant, and washed three times with cold PBS before removing the supernatant
and counting the cell-associated radioactivity. The activity data were background-corrected and
compared with the total number of counts in appropriate control samples. Immunoreactive
fractions were determined by linear regression analysis of a plot of (total/bound) activity against
(1/[normalized cell concentration]).

PET Imaging
PET imaging experiments were conducted on an Inveon PET/CT scanner (Siemens
Healthcare Global). Female, athymic nude mice with SKOV3 xenografts on their right shoulders
were administered 89Zr-antibody (192-214 µCi] in 150 µL of PBS) via intravenous tail vein injection.
Animals were anesthetized by inhalation of 2% isoflurane (Baxter Healthcare, Deerfield, IL) and
medical air gas mixture and placed within the scanner with anesthesia maintained using 2%
isoflurane and medical air gas mixture. PET data for each mouse were recorded via static scans at
24, 48, 72, and 96 hours post-injection. An energy window of 350-700 keV and a coincidence timing
window of 6 ns were used. Data were sorted into 2D histograms by Fourier rebinning, and
transverse images were reconstructed by filtered back-projection (FBP) into a 128 × 128 × 63 (0.72
× 0.72 × 1.3 mm3) matrix. The counting rates in the reconstructed images were converted to activity
concentrations (percentage injected dose per gram of tissue, %ID/g) by use of a system calibration
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factor derived from the imaging of a mouse-sized water-equivalent phantom containing 89Zr. Images
were analyzed using ASIPro VM software (Concorde Microsystems).

Biodistribution
Biodistribution studies were performed using the

89

Zr-antibodies SKOV3 tumor-bearing

female, athymic nude mice. Animals were administered (17-26 µCi) of each of the 89Zr-antibodies in
150 µL PBS) via intravenous tail vein injection. Animals (n = 4 per group) were euthanized by CO2
asphyxiation at 96 hours post-injection. Following euthanasia, 17 organs (blood, tumor, heart, lungs,
liver, spleen, stomach, large bowel, small bowel, pancreas, ovary, kidney, bone, muscle, lymph, skin,
tail) were collected, weighed, and assayed for radioactivity on a gamma counter calibrated for 89Zr.
Counts were converted into activity using a calibration curve generated from known standards.
Count data were background and decay corrected to the time of injection, and the percent injected
dose per gram (%ID/g) for each tissue sample was calculated by normalization to the total activity
injected. The data depicted in this study are expressed as averages ± standard deviation. Statistical
differences were analyzed by unpaired, two-tailed, student’s t-test using GraphPad Prism 7 software.
P-values <0.05 were considered statistically significant and indicated by an asterisk.
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CHAPTER 4: MUC16 Targeted Chimeric Antigen T-Cell Tracking
Using Zirconium-89 Labeling Approach
This chapter includes an attempted project that requires further work beyond the scope of this dissertation.

Introduction
Chimeric Antigen Receptor T Cells
Chimeric antigen receptors (CAR) are recombinant receptors that are used to genetically
engineer T lymphocytes, as well as other immune cells. They contain a extracellular antigen
recognition domain, a transmembrane domain and an intracellular T cell activation domain (in
addition to a co-stimulatory domain in the case of second-generation CARs)

(104)

. Modification of T

cells with a CAR alters the specificity and activity of T cells, targeting them to the receptor antigen.
These modified T cells, originally retrieved from the blood of patients, are re-injected for a variety of
therapeutic purposes

(105)

. CAR T cells have seen the most success in treating hematologic cancers,

most notably in B-cell acute lymphoblastic leukemia

(106-108)

. While CAR T cell therapy against

hematologic cancers has shown great promise, clinical trials in solid tumors have been much less
successful in terms of antitumor efficacy.

Armored CAR T Cells
One of the hurdles that needs to be overcome in terms of solid tumor CAR T cell therapy is
effective trafficking of the T cells to, and within the tumor tissue. Another hurdle in the context of
solid tumors is the immunosuppressive environment established by tumors. A strategy to overcome
this issue is to genetically modify T cells to express other molecules such as cytokines, in a sense
‘armoring’ the T cells

(109)

. One such cytokine is interleukin 12 (IL-12) which is a pro-inflammatory
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cytokine normally secreted by dendritic cells, macrophages, and neutrophils. Its role in terms of
CAR T cells is to activate and enhance the cytotoxic activity and improve T cell persistence.
Koneru M et al. developed an IL-12 secreting CAR T cell targeting MUC16 for the treatment
of ovarian cancer

(110)

. They produced four distinct CAR T cells: 1928 (non-specific control), 1928

IL-12 (armored), 4H11 (MUC16 targeted), and 4H11 (MUC16, armored) (Figure 4.1). They were
able to show in vivo that treating with these modified T cells either delayed progression of orthotopic
ovarian cancer or completely eradicated it. Further, they showed that this delay in progression, and
survival advantage was significantly greater than with the MUC16-targeted CAR T cells that do not
secrete IL-12. The working hypothesis for this observation is that the IL-12 reprograms the
tissue microenvironment such that the CAR T cells are able to persist longer within the
tumor. The goal of this project is to validate that hypothesis by using molecular imaging
techniques to visualize the location of the CAR T cells in vivo.

Cell Tracking
In the current era of cell-based therapies, in vivo cell tracking plays a vital role for the
development and monitoring of such applications. Therapies from dendritic cell vaccines to the
transfer of genetically modified T cells have become exceedingly prevalent in the last decade

(111-113)

.

In order to optimize therapeutic efficacy, the cells of interest must localize preferentially and
specifically to the targets in vivo. At present, the strategies for monitoring localization of cell-based
therapies are invasive (such as biopsies) and time-consuming and as such, more robust and
streamlined approaches are required. For example, bioluminescence imaging has been used with
luciferase- expressing cells, but this strategy is limited due to low light penetration at a whole-body
level (114). In addition, the immunogenicity of luciferase would limit its use in man (115). Attempts at
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Figure 4.1. Table of CAR T cells.
Table outlining the characteristics of each type of chimeric antigen receptor T cell in the
following PET imaging experiments.
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using magnetic resonance imaging with cells containing iron-nanoparticles has also shown limited
success due to poor contrast (116).
Specifically regarding the tracking of radiolabeled cells, much work has been done since the
advent of blood cell labeling in the 1970s where autologous leukocytes were isolated, labeled with
111

In and injected into patients with suspected inflammatory disorders

(117)

. Because of several

drawbacks of using 111In, much work has been done to develop strategies using longer-lived isotopes
to produce high resolution images of cell-based therapies. In the context of the current study, the
89

Zr-oxine complex cell labeling technique has been exploited

(118)

. Here, we describe CAR T cell

labeling and imaging studies in the context of ovarian cancer to better understand the role of IL-12
in CAR T cell immunotherapy.

Results and Discussion

Optimization of 89Zr-Oxine Synthesis and CAR T Cell Labeling
The synthesis of 89Zr-oxine was carried out by mixing an oxine-chloroform solution with
neutralized 89Zr, constantly agitating for 15 mins at room temperature. The chloroform phase was
extracted, solvent removed by evaporation and the product

89

Zr-oxine redissolved in DMSO.

Following the published protocol exactly however, resulted in a yield of 1.87%. In order to optimize
this reaction, several conditions were modified including duration, oxine concentration and pH
(Figure 4.2). By increasing the duration of the reaction to 1 hour from 15 mins, we were able to
increase the yield to 3.12%. Increasing the concentration of oxine from 1 mg/mL to 5 mg/mL
increased the yield to 81.25%. Despite the high yield, the increased concentration caused
precipitation to occur in the final DMSO dissolution step of the synthesis. Lowering the
concentration to 2 mg/mL increased the yield to 8.75%, a modest improvement. Finally, with a 15
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Figure 4.2. Optimization of 89Zr-oxinate synthesis.
Table of 5 sets of conditions used in order to optimize the 89Zr-oxinate. The optimal conditions
were determined to be 15 minutes, 2 mg/mL oxine, and pH 8.5-9 as determined by radio-instant
thin layer chromatography.
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Figure 4.3. Experimental plan for in vivo CAR T cell tracking.
Groups of C57Bl/6 female mice were inoculated with ID8 tumors intraperitoneally by injection of
5.0 × 106 cells in a 150 uL cell suspension in PBS (experiments 1-2). For the Matrigel model, 5.0 ×
106 cells in a 150 uL cell suspension of a 1:1 mixture of fresh media/Matrigel were injected IP on the
contralateral side of the CAR T cell injection (experiments 3-4). Experiments were performed
approximately 35 days following the injection of the cancer cells for the IP disseminated model and
3 or 7 days following implantation for the Matrigel model with the T cells injected on Day 0 either
IP or IV.
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minute duration, 2 mg/mL oxine concentration, and pH of 8.5, we were able to increase the yield to
52.8% which was in range with the published value of 60%. Instant thin layer chromatography of
the product revealed radiochemical purity of > 99%. The resulting product was diluted in PBS for
cell labeling. Activated CAR T cells were obtained from the Brentjens Laboratory and labeled with
the 89Zr-oxine complex by incubating 107 cells with 20-30 µCi of 89Zr-oxine at room temperature for
30 minutes. The CAR T cells were washed three times with PBS and the pellet activity assayed on a
gamma counter to determine labeling efficiencies ranging from 41.8% to 49.4%, values within range
of the published protocol.

PET Imaging of CAR T Cells In Vivo
To track the CAR T cells in vivo and in order to gain insight into the role of IL-12 on
armored CAR T cells, we utilized a syngeneic ovarian cancer animal model in four imaging
experiments (Figure 4.3). In experiment 1 and 2, we injected murine ovarian cancer cells (ID8)
intraperitoneally 35 days prior to the injection of CAR T cells in order to mimic late stage peritoneal
disease in a model system with a fully intact immune system. The route of administration for the
CAR T cells in experiment 1 was intraperitoneal and for experiment 2, intravenous injection via the
tail vein. PET images were acquired on Days 1, 2, 5, and 7 after injection with 107 CAR T cells.

In experiment 1 (Figure 4.4), the activity in the mouse was mostly isolated to the abdomen in
a seemingly random, diffuse distribution. There were no regions of persistent activity observed
besides the high spine activity. This is in contrast to the images of the animal injected with 4H11 IL12 CAR T cells which revealed a large region of high activity concentration in the left abdomen
(white arrow) which persisted up to Day 2 and then diminished. In the images of the animal injected
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Figure 4.4. Serial PET images of CAR T cells in vivo: Experiment 1.
Small-animal serial PET imaging in an intraperitoneal disseminated ovarian cancer tumor model with
IP injection of radioactivity. Maximal intensity projection (MIP) PET images of specified
radiolabeled CAR T cells or free 89Zr-oxinate (4-7 µCi in 500 µL of PBS injected IP) in C57Bl/6
mice bearing MUC16-positive ID8 murine ovarian cancer. Final column of images are sagittal crosssection MIPs of final time point. White arrows indicate areas of moderately retained radioactivity.

91

with 4H11 CAR T cells, there were no areas of persistent activity observed, but instead drifting areas
of activity. On the other hand, the images of the non-specific CAR T cells (1928) revealed a
scattering of abdominal activity with one foci (white arrow) that became apparent on Day 2 that
persisted throughout Day 7.

In experiment 2, the same animal model was used as in experiment 3, but the route of
administration for the CAR T cells was intravenous via the tail vein. The images of the 89Zr-oxinate
control in this experiment revealed high radioactivity concentration in the liver, almost exclusively.
Interestingly, the images for the CAR T cells in this experiment appeared similar to one another.
They showed high activity concentration within the liver and the spleen, with minimal bone activity.
The images of the 4H11 CAR T cells showed diminishing liver activity from Day 1 to Day 7 while
the non-specific and armored CAR T cell images showed consistent levels of activity within the liver
through Day 7.

Using the previous intraperitoneal model proved difficult in terms of analyzing the images,
so we altered the animal model in the following two experiments by injecting the mice
intraperitoneally with a 1:1 mixture of ID8 cells and matrigel 3 days prior to injection of the CAR T
cells. In this model, we expected the tumor to form in one mass on one side of the animal as
opposed to disseminated disease throughout the abdomen (Figure 4.6). Injections of the CAR T
cells, and control, were performed on the contralateral side. Images of 89Zr-oxinate revealed one
region of high activity in the lower portion of the abdomen that persisted from Day 1 through Day
7. The images of all of the CAR T cells look similar with the majority of the activity, from Day 1 to
Day 7, localizing to the left region of the abdomen, the side where the tumor cells were implanted.
In experiment 4, similar to the previous experiment, we injected ID8 cells intraperitoneally with
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Figure 4.5. Serial PET images of CAR T cells in vivo: Experiment 2.
Small-animal serial PET imaging in an intraperitoneal disseminated ovarian cancer tumor model with
intravenous injection of radioactivity. Maximal intensity projection (MIP) PET images of specified
radiolabeled CAR T cells or free 89Zr-oxinate (4-7 µCi in 500 µL of PBS injected IP) in C57Bl/6
mice bearing MUC16-positive ID8 murine ovarian cancer.
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Figure 4.6. Serial PET images of CAR T cells in vivo: Experiment 3.
Small-animal serial PET imaging in an intraperitoneal Matrigel ovarian cancer tumor model.
Maximal intensity projection (MIP) PET images of specified radiolabeled CAR T cells or free 89Zroxinate (4-7 µCi in 500 µL of PBS injected IP) in C57Bl/6 mice bearing MUC16-positive ID8
murine ovarian cancer.
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matrigel, and then injected the CAR T cells 7 days later. These images revealed no significant
patterns or persistent regions of high activity at the tumor site.

Conclusions

Using the 89Zr CAR T cell labeling approach, we were unable to conclusively visualize T cells
trafficking to the tumor site. Utilizing a disseminated ovarian cancer model, the most clinically
relevant model, made it difficult to determine if the areas of high activity observed in the images
were truly sites of neoplasia. Further, our experiments which utilized matrigel to assist in the
formation of one solid tumor mass did not appear to improve localization of the CAR T cells to the
implantation site. In experiment 2 (Figure 4.5), we were able to clearly demonstrate a difference in
the 89Zr-oxinate control and the CAR T cells, indicating that the T cells were, in fact, labeled with
89

Zr-oxinate, however, they did not appear to extravasate from circulation and traffic tumor tissue

within the abdomen. One potential reason why these experiment were unable to provide conclusive
evidence of targeted T cell tracking include potential disruption of T cell activity due to the labeling
reaction. In vitro assays to measure T cell viability and activity post-radiolabeling should be
performed in the future. In addition, the use of a more straightforward subcutaneous model should
be considered to verify T cell trafficking before continuing with more complex, relevant model.

Materials and Methods
General Laboratory Procedures
Unless otherwise noted, all chemicals were acquired from Sigma-Aldrich (St. Louis, MO) and
used as received and all instruments were calibrated and maintained in accordance with standard
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Figure 4.7. Serial PET images of CAR T cells in vivo: Experiment 4.
Small-animal serial PET imaging in an intraperitoneal Matrigel ovarian cancer tumor model.
Maximal intensity projection (MIP) PET images of specified radiolabeled CAR T cells (4-7 µCi in
500 µL of PBS injected IP) in C57Bl/6 mice bearing MUC16-positive ID8 murine ovarian cancer.
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procedures. 89Zr was produced at Memorial Sloan Kettering Cancer Center on a TR19/9 cyclotron
(Ebco Industries Inc.) via the 89Y(p,n)89Zr reaction and purified to yield 89Zr with a specific activity
of 196–496 MBq/mg. 89Zr was received after target processing as 89Zr-oxalate in 1.0 M oxalic acid.
The solution was neutralized with 1.0 M sodium carbonate to reach pH ~7. Activity measurements
were made using a CRC-15R Dose Calibrator (Capintec). For the quantification of activities, samples
were counted on an Automatic Wizard gamma counter (Perkin Elmer). The radiolabeling of ligands
was monitored using instant thin-layer chromatography paper (Agilent Technologies) and analyzed
on a Bioscan AR-2000 radio-ITLC plate reader using Winscan Radio-TLC software (Bioscan Inc.,
Washington, DC). All in vivo experiments were performed according to protocols approved by the
Memorial Sloan Kettering Institutional Animal Care and Use Committee (Protocol 08 07 013).

Xenograft Mouse Models
Eight to ten week old C57Bl/6 female mice were purchased from Charles River Laboratories
(Kingston, NY). Animals were housed in ventilated cages, were given food and water ad libitum, and
were allowed to acclimatize for approximately 1 week prior to inoculation. ID8 tumors were induced
intraperitoneally by injection of 5.0 × 106 cells in a 150 µL cell suspension. For the Matrigel model,
5.0 × 106 cells in a 150 µL cell suspension of a 1:1 mixture of fresh media/BD Matrigel (BD
Biosciences, Bedford, Ma) were injected IP on the contralateral side of the CAR T cell injection.
Experiments were performed approximately 35 days following the injection of the cancer cells for
the disseminated model and 3 or 7 days following implantation for the Matrigel model.

Synthesis of 89Zr-Oxine Complex
To prepare 89Zr-oxinate, the neutralized 89Zr-oxalate solution (500-600 µCi) was added to a glass
reaction vessel containing 1 mL of a 2 mg/ml 8-hydroxyquinoline (oxine) solution in chloroform.
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The vessel was shaken for 15 min and the product 89Zr-oxinate was recovered from the chloroform
phase by evaporation, redissolved in dimethyl sulfoxide (DMSO, 20

l) and diluted with phosphate-

buffered saline (PBS, 2 mL).
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Zr-Oxine Complex Cell Labeling

Activated CAR T cells were obtained from the Brentjens Laboratory and labeled with the 89Zr-oxine
complex by incubating 107 cells in phosphate-buffered saline with 20-30 µCi of 89Zr-oxine at room
temperature for 30 minutes. The CAR T cells were washed three times with PBS and the pellet
activity assayed on a gamma counter to determine labeling efficiencies ranging from 41.8% to
49.4%.

Tracking of 89Zr-labeled CAR T Cells with PET
To track the CAR T cells in vivo, 5 × 106

89

Zr-labeled T cells (4-7 µCi) were injected

intraperitoneally or intravenously via the tail vein. PET imaging experiments were conducted on an
Inveon PET/CT scanner (Siemens Healthcare Global). Animals were anesthetized by inhalation of
2% isoflurane (Baxter Healthcare, Deerfield, IL) and medical air gas mixture and placed within the
scanner with anesthesia maintained using 2% isoflurane and medical air gas mixture. PET data for
each mouse were recorded via static scans on Days 1, 2, 5 and 7 post-injection of T cells. An energy
window of 350-700 keV and a coincidence timing window of 6 ns were used. Data were sorted into
2D histograms by Fourier rebinning, and transverse images were reconstructed by filtered backprojection (FBP) into a 128 × 128 × 63 (0.72 × 0.72 × 1.3 mm3) matrix. The counting rates in the
reconstructed images were converted to activity concentrations (percentage injected dose per gram
of tissue, %ID/g) by use of a system calibration factor derived from the imaging of a mouse-sized
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water-equivalent phantom containing

89

Zr. Images were analyzed using ASIPro VM software

(Concorde Microsystems).
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CHAPTER 5: Summary, Conclusions, and Future Directions

This thesis project began with the overall goal of addressing an unmet need in the area of
ovarian cancer diagnosis. The overwhelming statistics associated with ovarian cancer morbidity and
mortality, along with the fact that a portion of patients that undergo surgery to remove suspicious
adnexal masses are determined to be false positives catapulted our interest in pursuing this endeavor.
As the niche field of 89Zr immunoPET has been gaining increasing amounts of success pre-clinically
and clinically over the past decade, we ventured to find an overexpressed antigen to exploit as a
target for 89Zr-labeled immunoconjugates.
The MUC16/CA-125 glycoprotein stood out in the literature as a prominent antigen in the
ovarian cancer field and its success as a target for PET imaging, to date, has not been fully realized.
Beginning with a panel of twelve murine antibodies, we identified characteristics that embody the
ideal immunoPET agent including high specific activity, stability, affinity, immmunoreactivity, and
internalization. At the in vivo level, ideal agents would display specificity for the target, preferentially
accumulating in the tumor tissue, and low non-target organ uptake leading to images with high
contrast. By using these criteria and performing the associated assays, we were able to narrow down
a panel of twelve antibodies to three which were taken forward into in vivo studies. The three
candidates were evaluated in a subcutaneous ovarian cancer model where they exhibited varying
biodistribution profiles. 89Zr-DFO-4H11 revealed itself as the leading candidate due to its superior
tumor-to-background ratios as compared to the other two candidates. Delineating the tumor as early
as 24 hours post-injection, and clearing from background tissues gradually throughout 96 hours,
89

Zr-DFO-4H11 showed the most promise as a radiotracer for the diagnosis of ovarian cancer.

Future work in this portion of the thesis revolves around the humanization of this tracer and its
potential translation into a clinical trial.
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Literature searches also yielded another overexpressed antigen in ovarian cancer that
appeared to be a promising target, L1CAM. Serial PET imaging of a humanized IgG1 wildtype
antibody against L1CAM in a subcutaneous ovarian cancer xenograft model revealed even better
tumor-to-background ratios than 89Zr-DFO-4H11. Interestingly, however, lymph nodes within the
animals were observed to have high radioactivity concentrations at all time points post-injection.
This is a phenomenon that was also observed with

89

Zr-DFO-4H11, as well as other

radioimmunoconjugates from our laboratory. In our case, these lymph nodes were false positive
signals as histopathologic analysis revealed no signs of neoplastic cells. These observations
stimulated the formation of a new question: what is the cause of the high lymph node uptake and is
it a tracer specific property? We hypothesized this could be due to local expression or the antigen or
binding of the Fc region of the antibodies to Fc gamma receptors expressed on immune cells within
the lymph nodes.
In order to evaluate this hypothesis, we developed a panel of L1CAM targeted antibodies, all
with the exact same antigen binding domain, but with subtle modifications to the Fc region. In vivo
imaging and biodistribution experiments showed that antibodies with Fc region modifications that
are known to enhance Fc gamma receptor binding exhibited significantly increased lymph node
uptake. Conversely, the antibodies with Fc modifications that are known to decrease Fc gamma
receptor binding demonstrated significantly lower lymph node uptake. These observations suggest
that Fc binding, not local expression of the antigen, plays a role in the lymph node uptake we
observed.
Following the observation of high renal uptake of 89Zr-DFO-HuE71-4 WT (a wildtype IgG4
targeting L1CAM), we hypothesized that this renal accumulation was secondary to the IgG4 specific
property of dynamic fab arm exchange. By introducing a single amino acid mutation in the IgG4 Fc
region (eliminating dynamic fab arm exchange), we were able to observe a significant decrease in the
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renal radioactivity concentration validating our hypothesis that dynamic fab arm exchange plays a
role in renal accumulation, a finding that was confirmed with a non-specific IgG4 as well.
Further, by imaging these five L1CAM antibodies with Fc modifications, we were able to
demonstrate that 89Zr-DFO-HuE71-1 Aglyco (low Fc gamma receptor binding IgG1) displayed a
superior biodistribution profile with the highest tumor uptake and lowest background tissue uptake
by 96 hours. Accordingly, we took HuE71-1 Aglyco forward into a 177Lu radioimmunotherapy study
where it displayed significant efficacy, delaying tumor progression in a subcutaneous ovarian cancer
model.
We find all of these specific results very intriguing and informative, but even more so, we
are delighted by the fact that we have been able to use molecular imaging techniques to explore the
underlying biology of the Fc region of antibodies and the impact it has on in vivo behavior. We hope
that these results will inspire others to incorporate more molecular imaging in terms of the design,
development, and engineering of tools for various biomedical applications.
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Appendix

Chapter 2

Figure A.2.1. Table of in vitro screen values of panel of MUC16 targeted antibodies.
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Figure A.2.2. Immunoreactivity of MUC16 antibodies.
(A) 2F4, (B) 23D3, (C) 28F8, (D) 4C7, (E) 9B11, (F) 10A2, (G) 29G9, (H) 4A5. Values displayed in
Figure A.2.1.
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Figure A.2.3 Cell saturation binding assays of MUC16 antibodies.
(A) 2F4, (B) 23D3, (C) 28F8, (D) 4C7, (E) 9B11. Values outline in Figure A.2.1.
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Figure A.2.4. Cell internalization assay of MUC16 antibodies.
Internalization of 2F4 (left) and 23D3 (right). Values outlined in Figure A.2.1.
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Figure A.2.5 Radio-ITLC of 89Zr-DFO-29G9 crude reaction.
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Figure A.2.6 Radio-ITLC of 89Zr-DFO-29G9 purified.
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Figure A.2.7 Radio-ITLC of 89Zr-DFO-9C9 purified reaction.
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Figure A.2.8 Radio-ITLC of 89Zr-DFO-4H11 purified reaction.
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Figure A.2.9 Radio-ITLC of 89Zr-DFO-4A2 crude reaction.
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Figure A.2.10 Radio-ITLC of 89Zr-DFO-2F4 purified reaction.
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Figure A.2.11 Radio-ITLC of 89Zr-DFO-23D3 purified reaction.
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Figure A.2.12 Radio-ITLC of 89Zr-DFO-7B12 purified reaction.
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Figure A.2.13 Radio-ITLC of 89Zr-DFO-10A2 crude reaction.
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Figure A.2.14 Radio-ITLC of 89Zr-DFO-10A2 purified reaction.
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Figure A.2.15 Radio-ITLC of 89Zr-DFO-9B11 crude reaction.
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Figure A.2.16 Radio-ITLC of 89Zr-DFO-9B11 purified reaction.
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Figure A.2.17 Radio-ITLC of 89Zr-DFO-4A5 crude reaction.
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Figure A.2.18 Radio-ITLC of 89Zr-DFO-4A5 purified reaction.
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Figure A.2.19 Radio-ITLC of 89Zr-DFO-28F8 purified reaction.
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Figure A.2.20 Radio-ITLC of 89Zr-DFO-4C7 purified reaction.
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Chapter 3

Figure A.3.1 MALDI-ToF MS of HuE71-1 WT
MALDI-ToF MS of unmodified antibody (left) and DFO-modified antibody (right) in triplicate.
Mass and chelate number values outlined in Figure A.3.7.
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Figure A.3.2 MALDI-ToF MS of HuE71-1 MAGE
MALDI-ToF MS of unmodified antibody (left) and DFO-modified antibody (right) in triplicate.
Mass and chelate number values outlined in Figure A.3.7.
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Figure A.3.3 MALDI-ToF MS of HuE71-1 Aglyco
MALDI-ToF MS of unmodified antibody (left) and DFO-modified antibody (right) in triplicate.
Mass and chelate number values outlined in Figure A.3.7.
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Figure A.3.4 MALDI-ToF MS of HuE71-4 WT
MALDI-ToF MS of unmodified antibody (left) and DFO-modified antibody (right) in triplicate.
Mass and chelate number values outlined in Figure A.3.7.
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Figure A.3.5 MALDI-ToF MS of HuE71-4 Mutant
MALDI-ToF MS of unmodified antibody (left) and DFO-modified antibody (right) in triplicate.
Mass and chelate number values outlined in Figure A.3.7.
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Figure A.3.6 MALDI-ToF MS of HuCtrl-4 WT
MALDI-ToF MS of unmodified antibody (left) and DFO-modified antibody (right) in triplicate.
Mass and chelate number values outlined in Figure A.3.7.
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Figure A.3.7. Table of MALDI-ToF MS derived chelate numbers.
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Figure A.3.8. Serum stability of L1CAM targeted 89Zr-radioimmunoconjugates.
Serum stability of the radioimmunoconjugates was assessed by incubating 100 µL of purified
reaction mixture in 900 µL of human male AB+ serum at 37 degrees Celsius. Aliquots of
radioimmunoconjugates (in triplicate) were assessed via radio-ITLC at the time points listed above.
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Figure A.3.9. Ex vivo Biodistribution values of IgG1 antibodies 96h post-injection.
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Figure A.3.10. Ex vivo Biodistribution values of IgG4 antibodies 96h post-injection.
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Figure A.3.11. 177Lu-HuE71-1 Aglyco imaging and ex vivo biodistribution.
(A) SPECT-CT image of athymic nude SKOV-3 tumor bearing mouse 168h post-injection of 177LuHuE71-1 Aglyco (858 Ci in 150 L of PBS), (B) Cerenkov image of athymic nude SKOV-3 tumor
bearing mouse 168h post-injection of 177Lu-HuE71-1 Aglyco (858 Ci in 150 L of PBS), and (C)
168h ex vivo biodistribution of athymic nude SKOV-3 tumor bearing mouse 168h post-injection of
177
Lu-HuE71-1 Aglyco (18-26 Ci in 150 L of PBS, n=4).
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Figure A.3.12 Radio-ITLC of 89Zr-DFO-HuE71-1 WT purified reaction.
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Figure A.3.13 Radio-ITLC of 89Zr-DFO-HuE71-1 MAGE purified reaction.
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Figure A.3.14 Radio-ITLC of 89Zr-DFO-HuE71-1 Aglyco purified reaction.
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Figure A.3.15 Radio-ITLC of 89Zr-DFO-HuE71-4 WT purified reaction.
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Figure A.3.16 Radio-ITLC of 89Zr-DFO-HuE71-4 Mutant purified reaction.
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Figure A.3.17 Radio-ITLC of 89Zr-DFO-HuCtrl-4 WT purified reaction.
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Figure A.3.18 Radio-ITLC of 177Zr-DOTA-HuE71-1 Aglyco purified reaction.
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